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PEEFACE 



TuE present Treatise is based on the Course of Lectures which 
the Council of the Society of Arts requested tlie Author to 
deliver in January and February 1893. In republishing them 
under less stringent limitations of time and space many gaps 
have been filled up and some questions have been discussed moi'e 
fully. The importance of the problem of distributing power to 
many consumers can hardly be overrated. In dealing with it the 
question of cost cannot be put on one side. The financial condi- 
tions are governing conditions, and must be considered together 
with the mechanical conditions. An attempt has been made in 
the present trexitise to treat the subject as a whole. Hence the 
causes of waste in generating power have been discussed as well 
as the losses in distribution. Tlie subject is so wide and 
touches so many departments of engineering that it is too 
much to hope that all the questions involved have been examined 
with sufficiently adequate knowledge. 

But much care has been taken to indicate what is essential 
in the consideration of schemes of power distribution, whatever 
the source from which the power is obtained and whatever the 
method of transmission adopted. For the rest, practical ex- 
perience will gradually determine much that is at present 
doubtful. 

May, 1894. 
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DISTRIBUTION OF POWER 



' CONDITIONS IN WHICH A Si'STKH OF DISTRIBUTION 
OF ENEBGY IS ItEQUIHED. AND GENERAL CONSIDEBA- 
iS'lONS ON THE SOi'RCES OF ENEBQY 



! late Mr. Thomas Howard left a bequest to the Society of 
, to provide foi- the delivery, periodically, of conrses of 
ptares relating to the production and use of motive ])ower. 

In carrying out the duty iniiiosed by this trust, the Society 
3 the author the honour of iuviting faim to give some lectnrea 
^ the development of power at Central Stations, and its di^ 
Kbution, either aa motive power for driving factories and 
(trksIiopB, or as energy applied to other purposes. Energy is 
I these lectures to be considered as a commodity, which can be 
matinfactured in a convenient form, and distributed and sold. 
The special problems to be dealt with are the conditions which 
lavonr the production of a convenient form of energy, on a large 
settle and in the most economical way ; the means of conveying 
it to a distance and distributing it to consumers ; the arrange- 
ments for measuring the quantity delivered; and lastly, the 
relative advantages and disadvantages of a system in which 
energy ia obtained on a larjje scale and dl6tribnt«d to many 
i-uusumers. compared with a system in which each consumer 
produces the power he requires in his own locality and nnder 
hia own supervision and responsibility. 

As various sources of energy are available, and as there are 
Mveml methods of distributing energy or means of readily 
' nbtaiiiing energy, the inquiry is a wide one. It may be limited 
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at once to those cases in which the final form of energy required 
is mechanical energy. Pressure water is a convenient source of 
mechanical energy, so that a water-supply system with its 
pumping station and distributing mains is from one point of 
view a central station from which energy is distributed. But 
water-pressure systems need only be considered in these lectures 
so far as they are actually used for distributing motive power. 
An electric lighting station is a central station distributing 
energy to many consumers. But it will only come within the 
scope of these lectures to consider electrical systems, in which 
the whole or part of the electricity distributed is used for 
motive power purposes. The addition of motive power supply 
to the primary object of water supply or light supply may be of 
importance, and it is only so far as a combination of purposes 
in such systems facilitates or cheapens the supply of motive 
power that they will be considered. 

That the author has more knowledge of some of the older 
and more mechanical methods of power distribution than of the 
newer methods of electrical distribution, is no doubt a dis- 
advantage. But the distribution of electricity both for lighting 
and for power purposes has already been fully discussed, both in 
special treatises and especially in the lectures of Prof. George 
Forbes and Mr. Gisbert Kapp. On the other hand, there may 
be some partly compensating advantage in approaching the 
subject for once with the bias of an engineer rather than that 
of an electrician. Granting that electrical distribution will 
play an important part before long in the development of 
systems of power distribution, there is a popular tendency at the 
moment to regard too exclusively electrical methods, and to 
overlook other means of power distribution which have been 
usefully applied in the past, and will, in suitable conditions, be 
still employed in the future. 

Unscientific people who see the electric lamp are perhaps a 
little apt to attribute to electricity too exclusive a share in the 
production of the light. They forget the coal, the boilers, and 
the steam engines, which are as necessary as the dynamo in ob- 
taining the result. Perhaps, with less unscientific people, the 
Htriking success achieved in transmitting energy electrically to 
great distances, and retransforming it when necessary into 
mechanical energy, has obscured the fact that there are other 
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nEXERAL CONSIDERATIONS 3 

tliode of power tranBmission more convenient and less costly 
mrticulfir cases. 

I points should be clearly kept in mind, Pii-st. that, 
the pcwlncfcion of eneigy in an available form, we are jast 
• were before modern electrical discoveries were made. 
t the electrician can do is to provide a new mecliiinism 
Sistribution. The case would be ditferent if, by means of 
primary batteries employing new materials for chemical action, 
or by tbenno-electrie batteries in which heat is diret-tly trans- 
formwl into electricity, the methods of producing available 
enerpy were changed. Sach things are theoretically poRsible. 
Pracrically they are not yet available. At present the energy to 
be distributed must be developed by a steam-engine or water- 
■wheel, and the dynamo, cable and electric motor merely replace 
the shafting, gearing and belting, or other mechanism of ti-ans- 
nifisiun, perfbrming the same functions, more cheaply and 
^^■fectively in ceitain cases it is true. 

^^B The second point is that every method of traiismiBsion will 

^^V found to have some characteristic advantages fitting it 

I specially for particuiar cases. It may be conceded to the 

electrician that the special advantages of electrical transmission 

ftrikingly apparent, where power must be conveyed to very 
; distances. But such cases are likely to be comparatively 
The remarkable mechanical and scientific success of the 
tfort-Lauffen experiment, in which 300 h.p. was conveyed 
miles with a loss in transmission of only 25 per cent., 
liBB a little misled merely popular observers. The fact must 
e borne in mind that the cost of the power, when it reached 
okfort, was five times as great as that of an equal amount 
tower produced directly in Frankfort by a Et«am-engine, 
!on only be, where some exceptionally cheap source of power 
distance can be put in competition with dearer power 
' at hand, by means of electrical transmission, that long- 
C6 transmission is likely to be applied. For trans- 
DS to moilerate distances there is a choice of several 
of transmission, and electrical distribution has not 
ih cases and np to the present time established any 
sal superiority. 

i coat of production of mechanical energy from natural 
s to be considered in these lectures for several reasons. 
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If systems of producing energy in a wholesale way at central 
stations and for its distribation in parcels to different consumers 
should be adopted, it will chiefly be because energy can be so 
obtained from sources so much cheaper, or at so much less cost of 
production, that it can be distributed and sold at less cost than 
that at which it can be produced by individual consumers. It 
is necessary, therefore, to consider in what ways central station 
working renders available new sources of energy or is favourable 
to economy — what, in fact, is the relative cost of energy obtained 
in central stations on a large scale and in isolated workshops 
on a smaller scale. The methods and cost of distribution form 
a second branch of the inquiry. 

Oenercd Statement of tlie Advantages of Central Stations for 
Producing Energy, — Some preliminary general considerations 
may be stated in favour of systems of producing energy at 
central stations and distributing it. 

1. In generating power by steam-engines and boilers them 
is obviously some advantage in cost of machinery, in economy 
of fuel, and in cost of superintendence due to concentration of 
the engines and boilers in a single station. The central station 
can be placed where coal can be delivered cheaply, and arrange- 
ments can be adopted to secure economy which would be too 
costly or too complicated in small plants. 

2. In the case of water power, it often happens that it is only 
possible to deal with a natural waterfall either by a combination 
of consumers, or by an association acting in the interest of many 
consumers, for the construction of the costly permanent works 
required. 

3. The locality where the power can be generated may be 
fixed by one set of conditions, that where the power must be 
used by another set of conditions. Often it is a question of 
adopting a cheaper source of power at a distance or a dearer 
source near at hand. Thus, in mining and tunnelling operations^ 
cheap steam power at the surface may be distributed to replace 
much more expensive hand labour in the workings. That is 
essentially a case of power distribution from a central station. 
Mr. Thwaite has recently proposed to erect large gas motor 
stations at collieries and to transmit the power electrically to 
the nearest industrial centres, where the power could be used 
in manufacturing operations.' Whether such a scheme is 

1 The Engineer, December 2, 1892. 
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FBDtageous or not ia mainly a question of finance. The 
tion to be solved is, whether there is bo much economy in 
producing energy at the colliery that it can be delivered in the 
form required at a distant point, at a cost less than that at which 
it coald be produced ou the spot where it is used; for instance, 
from coal brought from the colliery by railway. In utilieing 
water power, a similar problem oft*n arises. The water power 
can only be utilised at a point distant from tlie manufactory 
where power is required. Then it has to be considered whether 
the transmitted water power costs more or less than power 
obtained at the manufactory from coal. 

4. Another reason for central -station working, in large towns, 
18 the gi-eat inconvenience of generating power in the small 
quantity and at the irregular times at which it is wanted for 
many purposes. For good or for ill. population gathers into 
hnge communities, in which there is a complex development of 
social and industrial life. In such communities there is a 
constantly increasing need of mechanical power. In addition 
to manufacturing operations, demands for power arise fur transit, 

I' handling goods, for passenger lifts, for water supply, and for 
(itation. At first these are met by the erection of scattered 
ifcors. But this sporadic production of jMwer in small quantities 
miite certainly in many instances extravagantly costly and 
tovenient. There is a great probability that power dis- 
bated from a central station in towns would be so convenient 
to be preferable to power produced locally, even at a some- 
what greater cost. 

Just as it has become necessary to supersede private systems 
of water supply by a municipal supply, just as it has proved 
convenient to distribute coal gas and necessary to establish u 
general system of sewerage, so it will jirobably be found con- 
■ient and even necessary to provide, in towns of a certain 
tortance, some means of obtaining mechanical power in any 
i quantity, and at a price proportional to the amount of 
r used. It is socialism in the field of mechanical engineer- 

■ the angle purpose of working lifts and hoisting 

inepy, it has already proved remunerative to extend 

>ugb the streets of London a system of hydraulic mains nearly 

r miles in lengtti. The extremely lapid extension of the 
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system is worthy of note. In July 1884, there were only 9& 
consumers taking power from the London Hydraulic Company'^ 
mains. In 1888, there were 720 consumers renting power. Li 
1892, there were 1,676 consumers renting power, and the use of 
the system is now extending more rapidly than at any previous 
period. The quantity of water distributed has increased from 
317,000 gallons per week in 1884 to 6,600,000 gallons per 
week in 1892. In no instance has the use of hydraulic power 
when once adopted been abandoned in favour of any other 
system of working hoisting machinery. 

There can be no doubt that when (a) power can be obtained 
with little trouble, in a form involving no great amount of 
superintendence in working, and (/;) the cost is proportional to 
the amount of power used, then a demand for the power is 
readily created. 

Perhaps a more striking instance of the growth of a demand 
for power is furnished by the town of Geneva. No casual ob- 
server would have selected Geneva, with its population of 50,000, 
as a likely centre for a great system of power distribution. Yet 
the works at Geneva, which will be more fully described later,, 
are perhaps the most important example of power distribution 
hitherto carried out. In 1871, Colonel Turrettini obtained 
permission from the Municipal Council to place a water-pressure , 
engine on the existing low-pressure town mains, for driving the 
factory of the Genevan Society for the Manufacture of Scientific 
Instruments. In case of this method of obtaining power proving 
satisfactory, he obtained the right to instal similar motors in 
other parts of the town. The plan proved so convenient that 
nine years afterwards, in 1880, there were 111 water motors 
driven from the low-pressure town mains, using 34,000,000 
cubic feet of water annually, and paying to the Municipality 
2,000Z. a year. The cost of the power was not small. It was 
charged for at 3d. to 4d. per h.p. hour, which is equivalent to a 
rate of 36i. to 48/. per h.p. year for motors working continuously 
for 3,000 hours in the year. Since that time a new high- 
pressure service has been established, the water being pumped 
by turbines in the Rhone. On the high-pressure service the 
cost of the power is less. It is charged for at about 0*7rf. per 
h.p. hour, equivalent to 8/. per h.p. year of 3,000 working hours. 
In 1889, the annual income from power-water sold on the low* 
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ssure systsQi was 2,0831., and on the high-preasure system 
At. tbat time tbi> receipts tor power-water were in- 
Iftsiag at the rate of SBOt. jier annam. Iq ISSD, tbe motive 
wer diBtribiiteil on the high-pressure system amounted to 
pOil,n(j() h.p, hours, anntitttly. there ijeing 79 motors, ag^egat- 
1,279 horse yjower. 

This illustrates sufficiently the growth of the 08ft of motive 

rer distributed in a convenient foiin. The power used in 

mping the ordinary water-supply for municipal and domestic 

|r[>ce<;s is not iucluiled. It, will be seen later on that the 

1, taken as a whole, are very large and important. 

[ The location of the windmill on the hill and the water-mill 

3 stream indicates how conditions of human labonr have 

3 determined by the ne«d of mechanical energj-. The earlier 

1 mills were all placed where water power was available, 

ii this had th^ disadvantage of taking them away from 

places where skilled workmen were found and from the 

markets for munnfactured goods. In an interesting pamphlet 

on the ' Rise of the Cotton Trade,' by John Kennedy, of Ardwick 

Hall, writt«n in 18Io, it is stated that, for some time after 

Arkwright's first mill was erected at Cromford, all the principal 

mills were built near river falls, no other power than water 

tower having been found practically nseful. After the invention 

t the steam-engine, manufacturing induetriea gathered round 

B cool-fields. Aliout 1790, says Mr. Kennedy, 'Mr. Watt's 

tn-engine began to be understood and waterfalls became of 

B value. Instead of carrying the people to the power, it was 

ind preferable to place the power amongst the people.' The 

lency of the conditions created by the introduction of steam 

r was to concentrate the industrial population into large 

tnnitimties and to confine manufacturing operations to large 

ries. The economy of producing power on a large scale 

the difficulty which then existed of distributing it to 

f great distance favoured the growth of the factory system. 

Kilities for distributing power to considerable diataucett are of 

a modern origin, and may partially reverse the tendency to 

rDtrstion. Further, facility in conveying power will {lemiit 

p Utilisation of some sources of power hitherttj not available. 

■Rterfalla are most commonly in positions inconvenient for 

paatriot operations. But if the power generated at the fall 



8 DISTRIBUTION OF POWER 

can be transmitted to localities where it can be conveniently 
used, the availability of water power is greatly increased. 
Mountain districts where water power is abundant may come to 
have an advantage over districts near coal-fields. 

SOURCES OF MECHANICAL ENERGY 

In these lectures motive power is treated as a commodity, 
producible, distributable, saleable. The first question is as to 
the sources from which it can be obtained. 

Wind power has been used for driving ships and mills, and 
now and then it is alleged that, as a source of power, wind action 
has been too much neglected. But its intermittence restricts 
its use to work which can be intermittent also. The compara- 
tively short periods in which the wind pressure is a considerable 
force make it uneconomical to attempt to do more than to utilise 
very moderate winds. On the other hand, the occasional great 
intensity of wind action during short periods involves the 
necessity that structures exposed to its action should be of ex- 
cessive strength and costliness. 

Tidal action might, no doubt, afibrd an enormous amount 
of mechanical energy. But, up to the present time, it has been 
found that the cost of embankments and machinery for utilising 
tidal action is so great as to prohibit its employment. The 
direct action of the sun's heat could be employed, but here 
again the cost of utilisation exceeds the value of the power ob- 
tained. Considered practically and commercially, there are only 
three sources of mechanical energy of industrial importance : — 
(1) the muscular energy of animals ; (2) the work of water 
falling from a higher to a lower level and automatically restored 
to the higher level by the sun ; (3) the heat obtained by the 
combustion of fuels, transformed into mechanical energy by heat 
engines. 

The muscular energy of animals need not be considered in 
these lectures. It will be convenient to consider energy 
derived from the combustion of fuels before considering water 
power. By far the most important source of mechanical energy 
for industrial purposes is solid fuel burnt in the furnace of steam- 
boilers. The heat produced is used to generate steam, from 
which mechanical energy is obtained in a steam-engine. There 
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«w, however, ilisnd vantages iii obtaining energy from coal. 
First of all, at least one-fifth of the heat generated in a boiler 
furnace hy conibustion of the fuel escapes by radiation and in 
t.he chimney. Next, there is the fundamental disadvantage that, 
under possible temperature ctjnditioiiB, not more than three- 
eighths of the heat given to the steam (that is, three-tenths of 
the hi'at.of combastion in the furnace) can be transformed in the 
ine into mechanical work, the remainder being necessarily 
1 in the condenser. Of this 30 per cent, of the original 
energy there are further large fractions wasted, in conse- 
eiice of practical imperfections of the steam engine. Cheap 
s coal is. the cost of the energy obtained fi-om it ia multiplied 
greatly by unavoidable imperfections of the processes of trans- 

tmation. Further, the attendance required in operating boilers 
1 engines, the fire and ex|)losion risk, the nuisance of smoke 
1 difficulty of getting rid of ashes, are all drawbacks attending 
t n»e of steam power. 
Solid Fuel. — -By fur the most important source of 
chanical enei'gy is the combustion of various natural solid 
lis, chiefly the different descriptions of coal. Coal is ob- 
tiunable in verj- many localities, and can be transported even 
great distances at comparatively small coat. The solid fuels 
•owe their iheiTual value almost entirely to the carbon and 
hydi-ogen they contain. It has been ascertained that the heat 
produced by the combustion of these constituents of fuel is as 
4I0WS :— 
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' ThiMm) UnlU 


Wdghlln 
[OnudtOf 1 


3-6T 
3S3 

I-6S 
9 


^bonio o:dde 


Carbonic nnhjrdride 
QLTbonic oxids 

Carbonic anhydride 
Wsler . 
Steam . 


14,640 
4,4Sa 
4,325 
til,530 
62,830 



The natural solid fuels may for practical purposes be con- 
sidered to be composed of carbon, hydrogen, and a portion of 
iombustible impurity. In a good furnace the air supply must 
I sufficient to I'nsure jjerfect combustion of the carbon into 
c anhydride, or, as the table shows, tliere will be a waste. 
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Usually the products of combustion must escape at such a tem- 
perature that the product of combustion of the hydrogen escapes 
as steam. Hence the amount of heat obtainable from a pound of 
coal containing c lb. of carbon and h lb. of hydrogen is at most 

Q= 14540 c + 52830/i 
. = 14540(c + 3-63A)Th. U. 

An exact determination of the calorific value of a coal can only 
be made by direct calorimetric test.* But the formula gives 
very approximate results for ordinary solid fuels with one small 
correction. In the incombustible part of the coal as actually 
used is included a portion of hygroscopic water, which has to be 
evaporated at the expense of the heat produced. Each pound 
of hygroscopic water absorbs in evaporation about 1000 Th. U- 
If a pound of coal contains iv lbs. of water, then its thermal 
value used in a furnace from which the water escapes as steam, 
and neglecting at present the radiation and chimney waste, is, 

Q=14540(c + 3-63A)-1000i(;Th. U. 

The following table gives the composition and thermal value of 
some ordinary fuels. It has been assumed that in ordinary 
solid fuels as burned there is at least 3 per cent, of moisture : — 



• 








1 
1 


Tliermnl ' 


Evaporation 
in Iba. of 


Fuel 


Carbon 


Hydro- 


Water 


Afilu d:c.j 


units pro- 1 
dvLoed per 
pouud of fuel I 


water per 

pound of fuel 

from and at 




c 


ft 


tr 




1 
12,825 


2120 


Charcoal 


•85 


•01 


•06 


•08 


13^28 


Wood (air dried) 


•40 


•05 


•20 


•35 


8,253 


8-54 


Brown ooal . 


•65 


•01 


•36 


•08 


8.164 , 


846 


Coke .... 


•85 




•03 


•12 


12,360 


12-93 


»» • • • • 


•91 




•03 


•06 


13,230 


1369 


Welsh steam coal 


•88 


•04 


•03 


•05 


14.878 


16-40 


»» f» »» • 


•81 


•05 


•03 


•11 


14,400 


1490 


Staffordshire coal 


•76 


•05 


•03 


•16 


13,670 


1414 


Anthracite . 


•90 


•0.3 


•03 


•04 


14,650 


1517 


Bituminous coal 


•70 


1 05 


•11 


1 14 


12,700 


1314 


Poor smaU coal . 


•50 


' 03 


•11 


•36 


8,743 


905 


lUuminating gaa 


•61 


•26 




•13 


22,540 


23-33 


Petroleum . 


•85 


•15 


1 




20,210 


2092 


Gunpowder . 


1 "~ 




1 




1,300 

1 


1.35 



* Direct calorimetric tests are difficult, and many such tests are unsatis- 
factory. The best tests seem to show that the true calorific value of a fuel 
cannot be deduced from its analjrsis. The possible error in calculating the 
calorific value from analysis may amount to ± 6 per cent. 



It will be Been that the ordinary coals do ni)t diflt-r greatly 
in heatJDg valuE-. Tlie last column contains tlie evaporative 
ralae (at 906 Th. U. jwr lb. evaporated), supposing all (be heat 
produceil to be usefully expended in causing evaporation. 

Litjvid Fuel. — Oils wbicli ai-e mixtures of varioua hydi-o- 
csrbous, and wbicb are known as paraffin, shale oil, petroleum, 
or kerosene, may be obtained by the distillation of certain shalea, 
and occur naturally iii many localities. The pi-oductiou of oil 
for lighting and lubrication by distillation from shale, established 
first in Scotland, had assumed considerable importance when th© 
oil welle of Pennsylvania were discovered in \8o9. Since then 
the trode in these mineral oils has assumed enormous pro- 
portions, and Dew localities where such oils can be obtained 
have been discovered in many parts of the world. The table 
above shows that petroleum fuel has a high healing value, A 
pound of petroleum, if the heat were fully used, would evaporate 
;ij per cent, more water than a pound of Welsh coal. In 
Koath-East Ruania petroleum refuse is largely used ns fuel for 
locomotive and stiiti on arj' boilers. Such fuel appears to have an 
evaporative power 2o per cent, greater than that of good coal, 
Mr. Holden has used some crude hydrocarbon oils in locomotives 
on the Great Eastern Railway. More lately refined petroleum 
oils hare been used in internal combustion engines of the same 
type as the gna-engine, with very satisfactory results. The 
consumption of the oil in such engines is only O-b'j lb. per indi- 
cated h,p., or 1 lb. per brake h.p, per hour. 

The refined oils which come to this country cost at least 
■i^d, per gallon, or ^d. a pound, or about 4^ Gn. per ton, a very 
high price compared with that of solid fuel. They cannot thei-e- 
fore bo used here under boilers in producing energy on a largo 
cc&le, notwithatanduig their high calorific value. Used in in- 
ternal furnace engines, which have a high thermal efficiency, they 
produce energy at a cost somewhat lower than that at which it 
Clin be prodnced from lighting gas, at ordinary prices, and lower 
than that at which it can be produced by small non-condensing 
Bti-am -engines, which are thermally of poor efficiency. The 
, crude oils cannot be transported by ship and railway safely, 

I are not therefore to be obtained, in this country, at any 

e in large quantities. 
I It may, however, Ije noted that Ihere is no difficulty in 
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transporting the crude oils by pumping through pipes, and 
crude oil is now transported in that way considerable distances 
in the United States, and is used in boiler furnaces on a large 
scale, and apparently with economical advantage. During the 
present year the whole of the boilers at the World's Fair at 
Chicago, developing about 20,000 h.p., were worked with crude 
petroleum, pumped direct from the wells to a store tank near the 
boilers. From this the oil flowed by gravitation to the nozzles 
at the boilers, and was sprayed by a steam-jet into the furnaces. 
The facility of control and the absence of dirt and smoke were 
very great advantages. 

ITie same oil was supplied for working the boilers at the 
Hyde Park Water Works Pumping Station at Chicago. The 
author was informed that the cost of the oil was GO cents per 
barrel (42 gallons). This is equivalent to about 16^. per ton. 
It was stated that, at the price at which it was supplied, the oil 
was a more economical fuel for raising steam than coal at 1 2$. 
a ton. 

Oaseovs Fuel, — Many of the disadvantages of solid fuel 
are diminished by using the coal to produce gas, and then 
generating power by burning the gas in internal combustion or 
gas-engines. Gas can be transported with great convenience 
in pipes, and gas-engines work with less attendance and higher 
thermal efficiency than steam-engines. In transforming heat 
into work, small gas-engines are enormously more efficient than 
small non-condensing steam-engines and boilers. On the other 
hand, ordinary lighting gas, taxed as it is with costs of dis- 
tribution due to its ordinary application for lighting purposes, 
is more expensive for a given calorific value than coal. The 
cost of ordinary lighting gas is increased both by the need of a 
large generating plant, to meet the excessive fluctuation of 
demand for lighting, and by the large distributing charges 
involved in supplying a very great number of small consumers. 
If gas were made specially for heating and pbwer purposes, 
either coal gas of low luminous power, or water gas, or producer 
gas, it could probably be distributed to power users at less than 
half the present price of coal gas. Used in gas-engines, it 
would then compete on nearly equal terms as regards cost with 
solid coal, and would have many subordinate advantages. 

M. Aim6 Witz has shown by direct experiment that a gas- 



engine, workwl with Dowson gas, will give an effective horee 
power at a total cost, includlog all charges for fuel, interest, and 
depreciatiou, not greater than that at which an elToctive horee 
pi3wer can be oljtained by a good boiler and good compound 
st«am-engine. It ia impossible to predict how far gas-engines 
will replace steam-engines, bnt at present they have two dis- 
advantages, 'riiey are more restricted in size than steam- 
Bines, and work with less efficiency at light loads. 
PrmlHrlltM uf P'/iver hj Biirnirt'j Toirn fle/'K^e.— There is 
fcher Bonrce of heat energy — another fuel— which is of 
le importance in connection with the (juestion of power 
distribution. In addition to ordinary sewage, which ia disposed 
of in well-knoivn ways, there is in large towns a quantity of 
osh-biu refuse and trade refuse, which can only be got rid of 
efl'ectnally and innocuously by burning. This refuse may amount 
to from 100 to 400 tons per 100 inhabitants per annum. In 
a steadily increasing number of towns, such refuse is now 
consnnied in fiimaces commonly termed (h>ilruciorii. Tliere are 
thirteen towns in Lancashire and seven towns in Yorkshire 
which bum refuse in destructor furnaces, and there are similar 
furnaces in towns in other counties. Altogether there are about 
fifty-five towns in Great Britain, in which destnictors' are used. 
The refuse is reduced by burning to alMiit one-tliird of its 
weight and oiie-fonrth of its bulk. The organic matters and 
cinders in the refuse fonii the fuel necessary for combustion. 
The residue after combostion consists of clinkers and sharp 
ashes, which have a small saleable value. 

The refuse burned in destructorsVaries greatly in composition 
in different localities. An analysis of London ash-bin refuse 
gave the following components : ' — 

Breeze, cinders, ami ssheB . . . Ill 

Kino dnst in 

PuptT, Biriiw.juiil orguiiit matters . 12 

BotLlca, liocea, tin, crockeQ', kc . .a 

a when the heat generatt-d is wasted, it appears that 

■ in destructor furnaces is the least costly method of 

1 disposal. But the amount of heat generated is not 
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inconsiderable. If the heat could be utilised as satisfactorily 
as that of coal in generating steam, the refuse would have a 
calorific value equal to about one-fifth that of an equal weight 
of coal. •T'o any extent to which the heat can practically be 
utilised there is an additional advantage in this mode of dis- 
]>08al. The heat of destructor furnaces is energy which, like 
water power, costs nothing, except for the additional machinery 
which must be added to the destructor furnace for the purpose 
of utilising it. 

Various forms of destructor furnace have been tried. Five 
are described in a paper by Mr. Watson, of Leeds, read before 
the British Association in 1892. All these are to some extent 
modifications of the Fryer Destructor, introduced in 1876. The 
destructors first built were comparatively low temperature 
furnaces. Temperatures taken by a Siemens pyrometer, in a 
destructor in Whitechapel, ranged from 180° to 1,000° F. The 
average of eight cells was 490° F.' At Ealing, the temperature 
in the flues averaged G31° F. With this low temperature the 
fumes are offensive, and hence it has been necessary in many 
-cases to have a second furnace, termed a fume cremator, in which 
coal or breeze is burned, and through which the products of 
<5ombustion from the destructor pass on their way to the chimney. 
In more recently constructed furnaces, the aim is to obtain a 
higher temperature in the destructor furnace itself, by modifying 
the form of the furnace and especially by using a forced draught. 
In many recent destructors, the temperature in the furnace is 
from 1,500^ to 2,000°, and this high temperature required for 
the inoffensive disposal of the refuse is, as will be seen presently, 
favourable to the utilisation of the heat generated. 

Fn/ei-'s Destructor. — This has up to the present been more 
•extensively adopted than any other. In its original form, it 
was a comparatively low temperature furnace. It consists of a 
block of * cells ' or furnace chambers internally about nine feet 
long by five feet wide. The cells are placed in two rows back 
to back, and the products of combustion pass away by a common 
central flue. The top of each cell is arched and the floor fornfs 
a grate, usually sloping at one in three towards the front, where 
there is a door for removing clinker. The refuse is charged at 

* Ilepori on ike Dctiruction of Tarvn Refuse, Bj Thomas Codrington. 1888. 
.Also Watson, Be fuse IH$po9alt British AssociatioD, 1892. 
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the back and, as it burii:^, U Jr^getl forward along the sloping 
l^ile. Each cell will burn from oigUl to ten tons of refnise per 
day. 

At Southampton a destructor with f,\x cells of this type 
has bfien erected,' and arrani^ements are made for utilising jiart 
of the waste heat. T'lach ctt! will burn fivm eight to eleven tons 
of refuse (>er day, Tlie [iroduotB of corabiiation pass through a 
mnltitubular boiler, and thence to a chimney, IGO feet in height 
ami (3 feet in diameter at top. There is a bye-paas through 
which the gases can be taken to the chimney without passing 
rough the boiler. The steam generated is used to drive 
of 31J i.h.p., which compress air for working three 
! ejectors. There are also engines for preparing fodder 
i for electric lighting. 

The garbage and ash-bin refuse is collected in covered iron 
tumbler carts of two cubic yards capacity. These are taken up 
an inclined roadway to the charging platform of the destructors. 
The residue after combustion consists of about 20 per cent., by 
weight, of the refuse burned of hard clinkers and sharp ashes. 
The former is used in road-making and the latter for mortar. 
Thi" initial cost of the destructor, including engine-house, 
inclined roadway, chimney, boiler, and ironwork, was 3,723/. 
The annual cost of burning, two men being employed by day 
and two at night, is 2oU. The <juantity of refuse burned daily 
is about fifty tons. The minimum quantity burned in a day is 

Ieuty-tive tons, which is sutficient to keep up slatan in the 
'iev. This gives about seventy-five pounds of refuse per 
M). liour actually utilised. 
I H(ir*faU'» Destriictor. — This may be distingnished as a com- 
ntively high temperature destructor, the gases escaping at a 
apemtnre of 2,000° F. The cells or furnace chambers are 
e feet wide. The refuse is introduced thrt>ugh a large hopper 
at the upper end. The gase^ escape through openuigs in the 
furnace crown, and are thence le<l downwards to the main flue. 
The grate bars are of the rocking type, with a moilerate amount 
of motion. The grate surface is 28 square feet per cell. The 
clinker is removed at the front. Nine tons has Iwen burned per 
r day. The chief peculiarity of the Ilorsfall furnace is a 
1 ashpit, with a steam jet producing an aii- pressure of 

' Prv«. tint. Mreli. En'jiHW; 1892. 
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aboat lialf an inch of water coltimn. It is doe to this that a more 
active combustion is Hecured, with a thicker fire and with a lesa 
air aapply. Consequently, the products of combustion escape at 
a higher temperature, which is better for merely destructor 
purposea, and at the same time makes the escaping heat more 
available for utilisation. 

Modified Fryer Destructor at Leeds. — Pig. 1 shows a 
destructor erected by Mr. Kewaon at Leeds, which combines to 
some extent the features of the Fryer and Horsfall furnaces. 




Flo. 1. 

The refuse is introduced at the back, the outlet flue opening is 
at the front of the furnace, and the gases are led back between 
the cells to the central flue between the two rows of cells. 
There is a forced draught obtained by a steam jet in a closecl 
ashpit. 

Calorific Vcdue of Ash-bin Refuse. — In many cases where part 
of the heat from destructor famaces has been utilised thearrange- 
ments have been imperfect, and only about four to six horses 
power have been obtained per cell ; that is, about a hundred- 
weight of refuse burned per hour yields a horse power. This 
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^^^pild probably correspond to about 4 U>s. of refuse to evaporate 

^V^and of water — a very low result. 

A calculation by Mr. Watson on Jata obtained in working a 
Horsfall furnace at Leeds, in 1888, led bim to conclude tbat a 
pound of refuse would evaporate abont 3 lbs. of water, if tbe 
loss in radiation and chimney waste did not exceed 20 per cent. 
of the heat produced. Looking at the composition of refuse it 
does not appear that this estimate is excessive, but the data 
given are not very satisfactory and better data are at present 
wanting. 

According to Mr. Keep,' it has been found at Birmingham 
that on the average 1 lb. of refuse will evaporate 1-70 lbs. of 
water; and at Warrington that 1 lb. of refuse will evaporate 
1- i7 lbs. of water. 

If the heat is utilised to produce steam, by taking the gases 
from the destructor through a boiler, only that part of the heat 
which con-esponds to the difference of the temperatnres at which 
the gases enter and leave the boiler is utilised. Suppose the 
air enters the destructor at CO", is raised in temperature to 
1,500° in the destructor furnace, and after passing through the 
boiler is discharged into the chimney at oOO". Then the fraction 
of the heat generated utilised by the boiler is, — 

^1 1,500 -.500 _ 1,000 

^M 1.500-60 ~ 1,440 

IVtr about five-sevenths. If the destructor works at 2,000°, the 
lieat ntilised in similar conditions would be, — 



2,000. 
2,000-00 



,00 



1,500 
1,910 



w abont three-fourths. If the heat is to be utilised it is im- 
poTtsnt to work the destructor at as high a temperature aa 
possible. 

Mr. Watson made some other experiments at Oldham. Six 
fells were used, burning 1| tons of refuse per hour. The gases 
imssexl through a multitubular boiler 7 feet in diameter and 
12 feft long, and the fi^ed was measured by a meter. The 
temperature of the gnses was 2.019° before reaching the boiler 
1 900" after leaving it. Thus, only about two-tbirda of the 
' Uliliiariini n/" Tmrn't Br/vtr. C. C. Keep. BrilJah Association, 18B3. 



18 DISTRIBUTION OF POWER 

available temperature range was utilised. In two trials the 
mean evaporation was found to be 2,780 lbs. per hour. Deducting 
1,500 lbs. of steam used for the steam jets there was a surplus 
evaporation of 1,280 lbs. per hour, or, say, 50 h.p. of energy 
from six cells, burning together 1^ tons per hour. If a boiler 
with larger heating surface had been used, possibly an evaporation 
one-third greater would have been obtained, or say 3,700 lbs. 
per hour. Deducting 1,500 lbs. used in steam jets there would 
be a surplus or available steam supply of 2,200 lbs. per hour, or, 
say, 88 eflFective h.p. from six cells burning a total of 1^ tons of 
refuse per hour. This is about 40 lbs. of refuse to the effective 
h.p. hour. 

The chief difficulty in using the available energy of destructors 
for power purposes is this. The refuse must be burned at a 
nearly regular rate. But demands for power are fluctuating and 
intermittent. Presently, a method of heat storage is to be 
described which overcomes this difficulty. The adoption of such 
a method would render the utilisation of the waate heat of 
destructors much more practicable, and would give to this source 
of energy a much greater importance in connection with the 
problem of distributing power in towns.* Of course, refuse is a 
very poor fuel, and there is considerable expense in labour in 
burning it. It would not, therefore, be chosen as a fuel for 
raising steam. But it has to be burned for sanitary reasons. 
If any profit can be made by utilising the heat, that is a gain. 
The cost of the power obtained is merely the interest on the cost 
of the boilers and appliances which have to be added to the 
destructor, in order to utilise the heat which would otherwise be 
wasted. 

' It may be mentioned here that Prof. G. Forbes has proposed to use the 
heat from destructors to work steam pumps lifting water to a reservoir on a 
bill. A store of water power would thus be continuously accumulated, which 
could be used to drive hydraulic motors at times when motive power was re- 
quired. It will be seen later that a constant water power due to the flow of 
a river is thus utilised, by pumping to a reservoir, for intermittent work, in the 
systems at Zurich and Geneva. Prof. Forbes's proposal is the adaptation of 
the same method to a new case. 



CHAl'TER II 

OWER GENERATED BY STEAM E.VOJ.VE.S. CONDITIONS 
OF ECONOMY AND WASTE 



t FredekjCK Bramwell, in an address to the Institution of 

ril Kngineers in 1880, indicated in a coiweoieut phrase those 

conditions involving waste of fuel in the production of Bt^am 

power, which are nnavoidable when separate engines are used, 

hut which can be diminished by central-station working. He 

said that we were ' every day becoming more alive to the benefit, 

where little power is required, or where considerable power is 

fflnired intermittently, of deriving that power from a single 

Small steam-engines are nearly always costly, on- 

momical, and inconvenient. Large steam-engines and boilers 

hrking with a varying and intermittent load are in conditions 

favourable to economy. It is necessary to examine these 

s in detail, and to trace the causes of waste. That is one 

p towards understanding in what circumstances central-station 

Irking ia desirable. 

J Em^ionitiie Pou-er of BuiUrs at Pull iww/.— The follow- 
■ Table contains a selection of the residts of the most 
carefully made t^sts of boilers. The boilers may be assumed to 
have been worked at ne-arly the full load, except where trials 
were made with a varying rate of evaporation. For comparison 
of ilitTei-ent boilers, working with different feed and steam 
temperatures, the evaporation per pound of fuel is reduced to 
the ecfuivalent evaporation from and at 212° F. Where possible, 
the influence of diftei-ent qualities of ccal in different trials has 
b'wi eliminated by reducing the evaporation to the equivalent 
.poration by a pound of pure carbon, 
'he first thing to notice in this Table ia that the evaporation 
pound of coal does not vary in different boilers so greatly as 
■ht perhaps be expected, from the great variation of con- 
ictioQ and of the conditions of working in different experi- 
Thus taking the column which gives the evaporation 
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TABLE I.— EVAPORATIVE EFFICIENCY 




4 
5 
6 

7 
8 

9 
10 

11 

12 
13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 

25 
26 

27 



28 
29 
30 
31 



32 
33 



Description of 
boiler 



1 Portable (loco, type) 



Cornish . 
Lancashire 



»» 
>t 

» 

it 
II 

It 

It 
It 

Babcock 
♦t 

Tabular 

It 

ft 



Water Tube (Thorny 
croft) 



II 



II 



II 



Marine 



It 



Portable 
toral 



Agricul 



II 



Marine 



Meteor . 
Fusiyama 
Colchester 
Tartar . 



lona 

Ville de DouTres 



Authority 



Kennedy ic 

Donkin 
Unwin 
Ellington . 

Donkin 
Longridge . 
II 

If 
II 

»i 
Donkin Sc 

Kennedy 
II 

II 

ti 

Longridge . 

Percy" Still 
Leavitt 

11 
Carpenter . 

Kennedy . 

II 
If 
II 
Admiralty 

Report 

ft 
R.A.S.E. 

Report 



Kennedy 



i» 
If 
11 



ft 
fi 



Indi- 
cated 
horses 
power 



Steam 
pressure 

pounds 
per sq. in. 
by gauge 



I Coal 
burned per 
I sq. ft. of 
gmte per 
hour 



Water 

evaporated 

per aq. ft. 

of total 

boiler 

heating 

surface per 

hour 




Figures in square brackets are approximate 
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OF VARIOUS TYPES OF B0ILBR8 







Watet evaporated 
from and at 21S**, 


Equivalent 


' • » 




Heating 


per pound of coal 


evapora- 
tion by 
boiler only 
per pound 
of carbon 




Goal used 


▼alue of coal 
per pound in 


aft used 


Bemarks 




By boiler 


Byf^ed 






only 


heater 


VMAUV 








lbs. 


lbs. 


Ibe. 






— 


10-78 




11-25 


— 


Welsh Steam . 


14,600 


11-87 




11-87 


«^ 


Seaborne Rough 




8-95 


1-64 






Hmall 






• 








—^ 


1104 








Lancaahire 


— 


8-63 


1-52 




Mean of 6 trials 


>» • 




809 


1-43 


— 


Same boiler as 
preceding 


— 


— • 


8-63 


1-23 




Mean of 2 trials 




— 


9-48 


1-35 




Same boiler as 
preceding 


Slack Coal . 


11,962 


8-60 


1-50 


10-30 




Welflh Steam . 




9-92 


— 


11-34 


Perret grate 


>» If • • 


— 


1002 




10-90 


Perret grate 
(same boiler) 






10-66 


1-82 


13-12 






__ 


10-98 


1-49 


1305 




Wigan Slack . 


13,041 


6-68 


018 


7-43 




Worsley Burgy 


12,900 


6-94 




7-80 


Mean of 3 trials 


Welsh Merthyr 




12-68 






— 


Pocahontas 




11-60 
11-36 


0-52 
0-48 


12-23 
11-98 


Same boiler 


f» • • 


14,232 


10-72 




10-92 


— 


Welsh Steam . 


15,000 


13-40 




13-08 


\ 


»»»»•• 


♦1 


12-48 




12-18 


•Same boiler 


»»»»•• 


t« 


1200 




11-70 




i» t» • • 


ft 


10*29 




10-04 


/ 


Hartley Newcastle . 


[15,000] 


11-70 


— 


11-31 




»i »f • 


[16,000] 


10-58 




10-22 




Wclsfi Steam . 


[14,500] 


10-23 




10-23 


Specially skil- 
ful fifing 


»» • • 


[14,600] 


9-93 




9-93 


n » 


Scotch Bitnminons . 


12,770 


8-21 




9-62 




Hartley Newcastle . 


12,760 


8-87 




1010 


— 


Midland . 


13.280 


8-53 




9-34 


— 


Welsh . 


14,995 


10-80* 




10-44 


•Corrected for 

moisture in 

steam 


Walbottle Tyne 


14,830 


10-63 




10-42 


■■" 


Block Fuel 


14,390 


9-84 




9-94 


^^^ 



figures, assmned from general knowledge. 
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per pound of a fuel equivalent in heating value to a pound of 
pure carbon, the variation of evaporation for different boilers is 
not very great. Excluding a case or two where the boilers were 
certainly working badly, the lowest evaporation from and at 
212° is 9^ lbs., and the highest 13 lbs. per pound of fuel. But 
in these boilers a square foot of heating surface produced from 
IJ to 9 lbs. of steam per hour. 

Next, it may be pointed out that in boilers the evaporation 
per pound of fuel improves as the total quantity of steam pro- 
duced diminishes, or. in other words, as the boiler load diminishes. 
Taking trials 15 to 18, which were made on the same boiler, or 
trials 19 and 20, also made on the same boiler, the results agree 
pretty closely with the expression 

E = 13-5 - 0'4> tu, 

where E is the evaporation in lbs. per pound of fuel, and ir the 
steam produced in lbs. per hour, from each square foot of heat- 
ing surface. Such a rule cannot be pushed to extreme limits of 
working, but the general bearing of all the trials is that the 
efficiency of the boiler is greater as the quantity of steam pro- 
duced diminishes. The boiler thus to a certain extent balances 
the converse action of the engine, which is less efficient for light 
loads. 

Table II. contains the results of carefully selected steam- 
engine trials. In these trials it may be assumed that everything 
was working at its best, and that the steam and coal consumption 
given is the smallest realisable with the given engine, for the 
conditions of pressure, speed, and power stated. In these trials, 
also, it may be assumed that the load was constant and ap- 
proximately the best for the given conditions. 

Broadly, the steam consumption and fuel consumption are less 
for large engines than for small engines ; less for quick than for 
slow engines ; and for suitable pressures, less for compound and 
triple than for simple engines. Two special groups of tests 
have been selected to show the economy due to jacketing, and 
the economy due to the use of superheated steam. 

In the most favourable trial conditions, as will be seen by 
the table, and with an economical and constant load, there is 
great variation in the amount of steam and coal required per 
indicated horse power hour. 
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COAL AND STEAM CONSUMPriON IN STEAM ENGINES 

IN SPECIAL TRLA.LS 

Table ILa.— -Non-condensing Engines 







i 

il . 


a^ 


si 


il 


4 

^ a 




N'o. 


Type of eugine 


Authority 






'^1 


• 


1 


Remark! 




Simple 






ft. per 
mill. 


lbs. per 
8q. in. 


lbs. 


lbs. 


• 


1 Pmall Tower Spherical 


Unwin 7*6' 




59 


83-85' 




593 revs, per 


ED^ne 














min. 


2 Semi-portable 


»» 


5 


263 


61 


65 


6-5 




3 1 Horizontal, coupled slide 


English 29-7 


118 


90 


50-5 


— 


Same engine, 


valve 


, 










4 


»f 11 


» , 36 


121 


92 


42-6 




varying load 


•^ »» »» 


61 


119 


88 


411 




6 


Small double-acting 


Donkin 6 


211 


35 


44 


[60] 




7 


Horiz. Mcliaren 


Unwin 38 


248 


60 


46-7 





) 


8 


!♦ • • 


6-3 


242 


60 


32-5 




1 Same engine, 


9 


M • 


8-2 


240 


60 


32-86 




varying load 


„ . . 


,. 1 10-2 


238 


60 


31-75 


[3-5] 


1 


Willans (central valve) 
slow 


Willans 9 


200 


44 


41-8 




\ 


2 


fi »» 


20 


224 


112 


30-2 


[3-4] 




3 Willans (central valve) 


10 


394 


36 


42-8 




VSame engine 


fast 














4 


ft >» 


M ! 26 


409 


74 


32-6 






9 


)t it 


34 


406 


122 


26-0 


[2-9] 


J 


6 


Beam .... 


Him . 78-3 


335 


47 


28-49 




Super-heated 














steam uted 


7 Wbeelock 


Hill . 140 


608 


96 


24 9 


2-6 




f^ ' Reynolds Corliss . 


137 


602 


97 


23-9 


2-4 


— 


1» Harris Corliss 


134 


606 


96 


220 


2-2 




Compound 


1 












1 Armington 


Meanier 84 


499 


117 


25-3 




Jacketed 


2 Willans (central valve; 


Willans 10 


122 


84 


27-0 


[30] 


Not jacketed 


slow 


. 












3 f» «» 


11 


123 


103 


247 




ff 


* n f» 


13 


131 


120 


234 


[2-6] : 


1* 


5 Willans (central valve) 


„ ' 33 


403 


114 


21-4 




}» 


fast 
















♦5 »> >f 


•» 


36 


406 


1.S5 


20-4 




tt 


7 : tt »» 


ft 


40 


401 


165 


19-2 


[21] 


*> 


Tri/ifcr 
















1 Willans (central valve) 


Willans 39 


400 


172 


18-5 


[2-1] 


Not jacketed 




fast 















The figures in brackets in the last column but one are estimated on the assumption 
tat 9 lbs. of steam are produced per pound of coal. This would be for most cases about 
)-7 lbs. from and at 212<» F. 



' Brake horse-power, and steam per brake horse-power per hour. 
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No. 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 



1 
2 
3 
4 
6 
6 
7 
8 
9 

10 
11 
12 
13 
14 
16 
16 
17 
18 
19 
20 
21 
22 



1 

2 
3 
4 
6 
6 
7 
8 
9 



Table U.b.— Condensing Engines 
StaUanary Enginet 



Typt of engine 



Simple 
Willans, fast . 



ft 



» 

ft 



Sulzer (Trois Fontaines) 
Corliss . 

ft • • • 
Salzer 

Reynolds Corliss . 

R arris Corliss 

Wheelock 

Salzer (Aagsbarg) . 

Sulzer 



Compound 

Semi-portable 
Willans, slow 



>f 
tf 

tf 



f« 

>» 



Wilians, fast 

f» t» 

If ft 

tf It 



ft 



tf 



Tandem Mill 



If 



t> 



ti tt 

Receiver Mill . 



t» 



f> 



Sulzer (Alost) 
bulzer , 



ft 



Sulzer (Floreffe) 

Sulzer (Van Hoegaarden) 

Sulzer (Belgium) . 

Triple 
Willans, slow 



ft 



tf 



Willans, fast . 

ft tf 

bulzer (Augsburg) 



ft 



tf 



Sulzer 

Sulzer (BudaPesth) 

SuLeer . 



Authority 



Willans . 

tt 

>f 

ft 
Vincotte 

Longridge 

»• 
Linde 
Hill 
tt 

»t • 

Linde 

tf • 



Unwin . 
Willans . 

ft 
tf 
tt 
tt 
>i 
ft 
tf 
ft 
It 
Donkin . 

Longridge 

tt 
ft 

tt 
Vincotte 
Soldini . 
Sulzer 
Vincotte 

ft 

ft 



Willans . 

»t 

ft 

tt 
Schroter 

ft 

ft 

I Sulzer . 

ft 



1- 



7 
9 

32 

33 

167-5 
508 
488 
395 
163 
166 
158 
291-5 
284 



6 

5-3 
7-6 
20 
26-7 
10-8 
40 
11-9 
33-2 
13-5 
25 
57 

862 

888 

338 

314 

133 

272 

267 

524 

309 

247 



6-7 
23-1 
21-3 
29-5 

601 

700 

198 

615 

360 




lbs. per 
sq. in. 
gauge 

5 

5 
60 
70 
95 
60 
61 
75 
96 
96 
96 
90 
87 



101 

25 

25 

115 

100 

28 

120 

51 

150 

150 

172 

53 

87 

87 

95 

95 

90 

110 

90 

89 

88 

85 



44 
170 
120 
170 
145 
145 
166 
141 
146 



I 



It 



ft. per 
mill. 
380 
378 
382 
380 
433 

52a 
620 
272 
603 
606 
596 
376 
372 



196 
300 
203 
311 
399 
402 
394 
397 
203 
404 

442 
442 
487 
478 
395 
590 
690 
610 
500 
493 



302 
302 
384 
379 
607 
596 
460 
516 



Steam per 
i.h.p. per hour 


Coal per 
i.h.p. per hour 


lbs. 
30-00 
29-40 


lbs. 
[3-33] 


25-67 




2216 
19-84 


[2-46] 


19-8 




19-3 
19-7 


[2-1] 


19-5 


1-9 


19-4 


1-9 


19-3 


1-9 


19-0 




18-4 


[2-0] 


35-7 


4-1 


23-83 
21-96 


[2-6] 


1706 




16-86 
20-27 


[1-9] 


16-72 




18-25 




14-82 




16-79 




14-72 
20-5 


[1-6] 
1-9 


19-8 


215 


17-8 


1-78 


17-2 


2-04 


170 


1-96 


15-3 




15-3 




14-0 
1403 


[1-6] 


13-90 




13-35 


[1-5] 


16-99 




12-86 
13-39 


[1-4] 


13-02 
12-82 


[1-4] 


12-45 




12-2 




11-86 




11-70 


[1-3] 



Roxuu^s 



Not 
jacketed 



__ } Jacketed 



Jacketed 



5 expan- 
sions 



\ 10 expan- 
J siomt 
I 15 to 20 
i expansioDf 



} 



Not 
jacketed 



Not 
jacketed 



^^^^^^^^^^MiGIN^^ClENC^^^^^^ 


IP 


^P Table n.s 


Marite Enginn 




i>. 


Tstmettagim 


AutbDrity 


i^ 


il 


II 


i 


If 


Remuk* 














5 


2 












Ibi-Ddt 










1 








«,.ln. 


-ir 


ItH. 


in.. 




Colchester . 


EcDnedy 


1,979 


%r 


C20 


2i'7a 


2'BO 


) Not 


u 


Kusiyaron 




871 


67 


306 


2117 


2-66 


1 jacketed 


l'^ 


Villa de Douvres . 


- 


2.077 


106 


44:j 


20-77 


2-32 


' 




7W>to 
















I 


Tiinmr .... 


Kennedy 


1,087 


144 


490 


19-83 


1-77 


[Jacketed 


2 


Mewor .... 




i,aH4 


145 


674 


14B8 


201 


3 


lom. . . . . 


•■ 


M& 


16E 


397 


13-36 


1-46 


H. P. Jackd. 






Pui^ping E^nu 




,. 


TnKofvcd,,.. 


Aotiiority 


^ 


It 


11 


1 


1 


^„. 


" 


















mmi>i. 






't^. 


■iC 


Rw. 


lb*. 




1 

a 


Beam pumping 


Hair 


120 




!23 
240 


22-0 
SI'S 


[2'6] 


1 Jacketed 


t 


Tandem piimpiTi^ . 


JIair 


177 


70 


692 


£,0-9 


[2-3] 


Not JDcketod 


' 


Worthington • 


Idair and 

Davrln 


SSG 


60 


121 


17-7 


1-78 




a 


Receiver '. . '. 


Mair . 


29r, 

127 


78 
111 


12( 
2G4 


17-4 
14 8 


- 


Jscket«d 


3 


B^ua pumping 


Leavitt . 


291> 


99 


241 


142 






c 


TripU 


" 


S53 


9!) 


2.17 


13-9 


[1-5] 




1 


WorthingtoD . 


Chaawick 


182 


lis 


_ 


193 


225 


Low duty 




(Grand Junwion) 
















a 


Worthington . . 


ratkea . 


386 


99 




1-70 




8 


(Tluunes Diuon) 
Wonhinirton ' 


UnwiD . 


288 


76 


IB4 17-47 


1-819 


High duty 


« Worthinpon . . . 


C'hfidwick 


260 


80 


164 1410 


166 






(Wwt MlddlwM) 














C 


*^7»"a..~>- ■ 


larpenler 


b7i 121 


203 11-68 


1-387 


Jackets 


The figures in miunre linu 


heiG in the last colamn but one aie eaXia 


]at«d on the 




arc produced pec pound of coal. 'ITiib won 


d be for moat 


MM« sbODt 10-7 lb*, from and 


12!2°F, 

On a lift of siity feet only. 


_^ 




I 



PUIt |}ii| 



(BaMli KMufaigKA) 



Ihwrfd I 



Sar: Ml 2S-S7 

» sao IJ-T7 , 

<l S2I ]»^ 



Benm (JLuiunemnJtti) . 



TripU 
Iniwtad tninptng . 



1—1- ' **'• ' 

'"™' : *5-« tTl- asa 1D62 

. MS Sis; !}■ JSM I 

' M-2B13] ^^ 1011 ■ 



NoJMlH 
JaefcK . 
MofceW 

JMkM 



■XPEEMBSTS WITH AND WTTHOPT SCFBRHEATINO 

Table H.d,— Coxdbxbikq KxatKa 

Stationary £ti^Ket 



rn 



t! 



ll«iini condcnsintt 



HOT,c«ndenBlng(ColTnBr) Unwin . 




ilhn»r[l.Mf| 

in]. In. mlu. , Qw. 

« Gl I 33G 21-Bl 

IT I nil ' 3»B ' 19-41 I 

i»'5; SA 835 I 19-3S 



95-7' 471 1 19TB ' 3-15 



I Z-E9 ; I Snpei 
I 2-61 jr >ta 
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Taking t.hp most favourable results wbicli can be regarded 
ns not exceptional, it appears that in test trials, with constant 
and full load, the expenditure of steam and coal is about as 
follows : 



- 


OmI 1 Stsm Coat Btam 


NoD-oonileD8iiig engine . 

Condensing engine .... 


IBO 13-6 ' l-7fi ' 16-8 



These may be regarded as minimum vaTuea, rarely sur- 
passed by the ntoat efficient machinery, and only reached with 
very good machinery in the favourable conditions of a test 
trial. 

It is much more difficult to get the consumption of coal by 
engines in ordinary daily work. What is known shows that 
the consumption is greater tlian in engine trials. Some com- 
paratively large pumping engines, which work with a steady 
load night and day, and which worked with 2 lbs. of coal per 
effective or pump h.p. on a test trial, used 27 lbs. in ordinary 
working. The consumption was measured over many weeks, 
during which they were working 90 per cent, of the whole time. 
Here the consumption in ordinary work is 3o per cent, greater 
than in a test trial. 

The large pumping engines of the Hydraulic Power Company 

■re rather less favourably circumstanced for economy. They 

ive an i.h.p. on trial with 210 lbs, of coal per hour. In 

linaiy work they are stated to uae 2-93, or about 35 per cent. 

These enginiis have a fairly steady load during the day 

and a smaller load at night. 

If such a case as that of an electric lighting station is con- 
sidered, where the load fluctuates very greatly, the maximum 
load being often four times the mean load, and the minimum 
load one twentieth of the mean load, then the consumption per 
h.p. is verj' much greater, Mr. Crompton has given the figures 
for the Kensington station, which has excellent Willans com- 
pound non-condensing engines. Those engines will work with 
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2 lbs. of coal per effective h.p. hour in trials at full load. The 
results obtained in ordinary working were as follows : 



ENGINES IN ELECTRIC CENTRAL STATIONS 
Table III.— Coal Used in Lbs. peb Houb 





Per electrical 
unit generated 


Per effectiTe 
li.p. 


Per indicated 
h.p. 

66 

4 36 • 

3-8 


1886 
1890 
1892 


12 
8 
7 


8-4 
5-6 
4-9 



In the discussion on Mr. Crompton's paper instances were 
given of coal consumption at electidcal stations still larger than 
any of these. Probably up to the present the consumption has 
in no case been less than G lbs. per unit generated ; 3*8 lbs. per 
effective h.p. ; or 3*3 lbs. per indicated h.p. This large con- 
sumption will be traced later to two classes of waste, engine 
waste and boiler waste, due both of them to the inefiSciency 
caused by variation of load.^ 

In the case of small isolated motors, not generally of very 
good construction or well proportioned for their work, still more 
extravagant results have been observed. -The following table 
gives some results obtained with small workshop engines in 
Birmingham : 

Table IV.— Coal Consumption per Indicated H.P. Hour 
IN Small Engines at Bibmingham 



Nominal 
h.p. 


Probable 

i.h.p. at full 

load 


1 
Actual average i.h.p. 
during the 
observations 


Coal couramption iu 

lbs. per i.h.p. Iioiu 

(luring the 

observations 


4 


12 


2-96 


36 


16 


46 


7 37 


21-25 


20 


60 


8-20 


22-61 


16 


46 


8f?0 


18-13 


26 


75 


23-64 


11-68 


20 


60 


' 1908 , 


9-53 


20 


i 60 


20 


8-50 

1 



' The latest Board of Trade returns from electric-lighting stations confirm 
these fig^ores. Taking the largest and hest stations, the consumption of coal 
varies in different cases from 7 lbs. to 12 lbs. per unit of electricity generated. 
It is more than this per unit sold. 



These last results are interesting both as showing Iiow large 
ftiel waste may be in unfavourable conditions, and also for this 
reason, that it is such uneconomical smnll enginps which are 
displaced when central-station powev diatribntion is introduced. 
It is because these pmall, badly-loaded engines are so extravagant 
that power can lie distributed from a central station at a profit. 
As to the case of electric light stations, seeing that they are^ 
central stations of the type specially considered in these lectures. 
it is desirable to analyse more in detail the causes of waste. 

Tlie Chief 8eccm4im/ Lohx or W-ufe in ihv. Adim. of Iltnt 
Mott/rf. — The range of temperature, between the temperatures 
at which the working fluid is received by and discharged 
from a lii'at motor, is 6xed by circumstances over which the 
engineer has little control. Tliemiodyn amies show that for 
any given temperature range there is a limit to the possible 
efficiency of the motor. Of q units of iieat given to a heat 
engine, working between the temperatnre limits Tj and T, 

(sbsolnte), the part a -i ' may be converted into work, but 

a part, which cannot be less than u — '' must be wasted. This 

pi-actirally unavoidable lose, arising out of the conditions under 
which be«t and work are convertible, may be termed the primary 
loas in a heat engine. For steam engines, at most three-eighths 
of the heat given to the steam can be converted info work. In 
gas engines perhaps one-half might be. 

(•Tactically, no heat motor even approximately reaches so 
good an efficiency as this. There ai-e secondary causes of waste, 
some of them important. Part of these serondaiy losses are due 
to bad construction or bad management, and can be consider- 
ably reduced by known arrangements. Part, however, are 
practically unavoidable, or at all events can only be partially 
obviated. The principal cause of the laigest .secondary waste 
of heat energy ia essentially the same in st«am engines and gas 
engines; it is a consequence of the enclosure of the working 
fluid iu conducting metallic wails. In steam engines, water on 
the cjlinder walls evaporates during exltaust, cooling the walls. 
The walla have to be re-heated during admission by the con- 
densation of fresh steam. Nearly all the heat of the steam so 
condensed is wasted, during the next period of eithaust, by re- 
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evaporation during the return stroke, when no useful work is 
done. The exhaust waste increases with the ratio of the area 
of admission surface of the cylinder to the weight of steam 
admitted. It increases, therefore, for light loads, because more 
surface is exposed during admission per pound of steam used. 
It is greater when the engine works slowly than when it 
works fast, the piston effort being the same. The evil can be 
diminished, but not entirely overcome, by steam-jackets, or by 
superheating. It is an evil specially prejudicial when engines 
are used which are too large for the work to be done. 

In gas engines it is necessary, to prevent destruction of the 
cylinder by the high temperature of the burning gases, to enclose 
it in a water-jacket. M. Witz has shown that it is due to the 
cooling action of this water-jacketed wall that part of the gas is 
tept below the temperature of combustion. The jacket there- 
fore diminishes the efficiency of the engine, not only by directly 
abstracting heat, but by preventing the full development of the 
gas pressure early in the stroke. As in steam engines, the evil 
is greater the greater the wall surface exposed at the moment of 
explosion. This appears to be the principal reason why initial 
compression of the gases is necessary for good efficiency. The 
gases reduced by compression to a smaller volume are exposed 
at the moment of ignition to a smaller area, of cylinder wall. 

It is useful to get a clear numerical idea of the relative 
importance of the cylinder wall action and the other actions 
during a stroke, for this cylinder wall action is the principal 
factor in the inefficiency due to variable load or arising out of 
the use of underloaded engines, both matters of importance in 
■conEidering the advantages of distribution of power. Professor 
Dwelshauvers Dery has shown ' how the heat exchange, between 
the steam and the cylinder wall during the stroke, may be re- 
presented by a diagram on the same scale as the indicator 
diagram. Fig. 2 shows such a diagram drasvn for the data of 
one of Mr. Mair Rumley's engine trials. The engine was a 
single cylinder beam engine, with jacket, working at about 4^ 
expansions, and furnishing 123 indicated h.p. The total steam 
used per stroke was 1-14 lb., or 31 cubic inches of water. The 
whole of this if condensed and spread over the cylinder wall 

* Invettigation of the Heat Etopenditure in Steam Enginei ; Proc. Inst ef 
Civil Engineen, vol. xcviii., 1889. 



would miike a layer less than one-handredtli of an inch thick. 
Tlie i-ODge of temperature, between the initial steam temperature 
and the exhaast temperature, may be tsiken roughly as 200°, and 
about 30 per cent ol the ateam was condensed during admission. 
The whole beat uf this initially condensed steam would only be 
suHicieut to heat a very thin layer of the cylinder wall from the 
exhaust to the admission temperatum. 




Tlie dark shaded line in the figure is the iudicator diagram 
of the engine. The saturation curve shows where the exjmnsion 
line of the diagram should have been if there had been no con- 
densation. The two shaded areaa represent to the same scale 
ns the indicator diagram the heat given to the cylinder wall 
during admission and compression, and abstracted from it during 
expansion and exhaust. They represent a (Quantity of heat lirst 
abstracted from the working Buid and finally wasted. It wilt 
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be seen easily that the cylinder wall action involves a larger 
quantity of heat than the whole of the heat employed in doing 
useful work. 

Methods of Diminishiruj Cylinder Condensation. — ^There are 
three ways in which the prejudicial action of the cylinder 
wall is combated. The first is the use of a steam-jacket, the 
temperature in which is higher than the mean temperature in 
the cylinder. The jacket, therefore, supplies heat to the 
cylinder wall during the stroke and lessens the amount of heat 
which must be given by the steam to the wall during admission. 
Table II.C above shows how advantageous in most cases the 
use of a steam-jacket is. But though a steam-jacket reduces, 
it does not prevent initial condensation. Further, the greater 
the speed of the engine the less time there is for heat from the 
jacket to penetrate the cylinder wall, and the less effective the 
action of the jacket becomes. The second method of diminish- 
ing the cylinder wall action is to carry out the expansion of the 
steam in stages; that is, to use compound or triple engines. 
Then the temperature range in each cylinder and the admission 
surface per pound of steam in each cylinder are less, so that to 
some extent condensation is directly diminished. But also the 
steam re-evaporated during exhaust in one cylinder forms part 
of the admission steam to the next cylinder. Tables II. A and B 
show clearly the advantages of stage expansion. There is yet 
one other method of reducing the action of the cylinder wall, 
and that is to use superheated steam, Table II.D. The cylinder 
wall is then to a considerable extent reheated by the superheat 
in the steam without condensation. 

Him discovered, forty years ago, that when steam is heated 
above its saturation temperature, or superheated, before ad- 
mission to the cylinder, the initial condensation is diminished 
more effectively than by jacketing. In the years 1854 to 1865 
superheating was somewhat extensively used, especially in the 
Navy, and always with a marked gain of eflSciency. . Various 
practical diflSculties in the use of superheaters, especially the 
danger when wrought-iron superheaters were overheated, led to 
the disuse of the process. 

Lately superheating has been reintroduced in Alsace, where 
its advantages were first discovered, and superheaters have been 
applied to a very large number of boilers. Many experiments 
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h»Te been made by Alsatian engineers with Battirated and auper- 
heated steam in the same engines. In all cases they have 
fviand an econoTny ranging from 10 fo 26 per cent, when 
Hiiperlieated steain was used. It has been commonly alleged 
that the high temperature of superheated steam causes scoring 
or erosion of the cylinder and valve faces. Huch injury did 
occur in tlie early use of superheated st«am, for at that time no 
lubricant was obtainable capable of standing a high temperature, 
it this danger has probably bej^n very greatly exaggerated. 
cooling action of the cylinder is so great that superheated 
does not i-etain its high temperature for a sensible time 
ifter admission. With ordinary care and the use of a good 
ibricant, it does not appear that the engines using superheated 
suffer any injury. 
Lately, the author had an opportunity of testing a large 
.1 engiae in Alsace using superheated steam. The engine 
horizontal receiver compound engine, each cylinder having 
four slide valves and Corliss gear. The cylinders were steam- 
jacketed, and were used with steam in the jackets in all the 
trials. The normal steam pressure was 8o lbs. to 100 lbs, per 
«(uttre inch. The following table gives the principal results : 




Tbiau! of Uili. Emoisb at Loqkj.ii.^cu witf 

SnPBBHEATRI) STBAH 


Satuiuted a»d 


r 




Wiihutii. 


Trim I. 
WHh •apBT- 
batttdiUam 


m.MT 


lloiler prt«9Qre. Ite, per su). incli 
Amonnt ol «u|*Theiitiiig 
tVinnds of «tenm per II). of coal 
ftKUids o£ Btean. per i.h.p, hour 
Bmudii of owil per i h-p. hoar 
Pk cent, eoonoiny of steam due 1/ 


QBUpPt 


47B-() 
'JB'72 

U'27H 
I 197S 


1910 

ns'-n F. 

6-02-t 
lB-6:4 
3593 

17« 


BOSS 
940 

fi-ai 

9G13 


Per «rot, eoinoui)- of coal due te 


super 


.., 








Tliu coU was of [>oor i|ualil.i-. 







Tlip su peril eatei-s used in this case were constructed of cast- 
iron pipes of special form, under pat*-nts taken by M. Schwoerer 
of Colmor. The superheater is usually placed iu u chamber 

oing part of the boiler flues ; sometimes a detached snper- 
r with separate Hie is used. 
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Figs 3, 3a, show the general an-angement of a superheutei- oa 
M Schwoerer s eystein The boiler lu this case la an elephant 
boiler The cast-iron coil which forma the superheater is placed 
m s cbarabpf below the 
boiler through nhich the 
furnace pase- are taken 
before they are too much 
<^oled by contact w ith the 
holler Burfacen. Fhesupei- 
heater requires no attention 
while the boiler is working. 
Its construction is such that 
there is no reasonable pro- 
liability of injury or danger 
from overheating. 

Im'vI Ourvf aiui Load 
Factor. — A curve, the ab- 
scissa; of which I'epresent 
time, and the ordinates 
the rate of e\penditnre of 
energy, is colled a load 
i, and snch curves are 

y commoDly drawn for a 
d of twenty-four hours' 
ing.because, apart from 

lOnal Huctuations, a day 

i natural period in the 

tBtion of a power plant. 
Bordinat^-a may be horso 

t»T, or volt-ampfires. or 

■ of any other quantity 

wrtional to the rate of 
expenditureofenergy. The 
area of the curve represents 
the total amount of energy 
for the jieriod considered. ^^^^^^^ 

A load cnrve may be drawn j,,^ 3^ 

for a aingle engine or 

machine, or for a plant of many engineb nr macnines The load 
line for a central station is that to which attention is to be 
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directed. The ordinate of such a station load cuiTe represents 
the sum of the energy expended at the moment per unit of time 
by all the engines or machines then in operation. 

Load curves for particular cases have, no doubt, been 
frequently drawn, and the influence of fluctuation in the rate of 
working on economy has been noted. But it is due to Mr. 
Crompton that the use of the load curve, in examining the results- 
of station working and in discriminating the causes of differences- 
in the results obtained in different stations, was first clearly 

indicated.^ 

« 

I 




III I 
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LOAD CURVES london hydraulic power station 






MAMIMUHt 
MAXIMUM 



2B0 
6JJ 



LOAD KACTOm m -4-20 
COAO rACTWt m-460 



Fig. 4. 



It can be directly inferred from the examples given in Mr. 
Crompton's paper that the cost of working per unit of mechanical 
or electrical energy distributed, in different electric lighting 
stations, depends very intimately on the form of the load curve. 
Mr. Crompton introduced the term * load factor ' to express the 
coefficient of fluctuation of the rate of working. There may be 
various load factors, according to the precise fluctuation con- 
sidered. But for the object at present in view, the considera- 
tion of the influence of variation of load on the efficiency of 

' EleHrical Enetfy ; Proc. Inst. Civil Engineers, vol. cvL 
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ST 



»m plant, tiie load factor may lie taken to be the ratio of 

, of a day's loiid curve to the area of a rectangle 

mlowig it. It ia equally the ratio of the average load during 

I day to the maxiniiim load at any time iluring the day. 

phuit must be iftcge enough for the maximum load. 

i income depends on the amount of energy delivered. The 

Bciency of the engines dejjends on the load factor. The cost 

R day's working depends partly on the average ntifpul, partly 

Ftbe load factor. 
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CAS LICHT«B COKE C« 



I Fig. 4, gives two load curves for a day's working of r 
t stationa of the London Hydraulic Supply Company. ' 

I the kind of fluctuation of demand whicli <>ccnr» in a 
m\ station pupplyin? power for a lai^e nnmljor of inter- 
EittentJj working machines, chiefly lif^ and hoiHting mai'liineit. 
I machines are in frequent use in the day, and are little 
night. The demand for power-water pnmped by th« 
engines at the station is large and pretty cunirtnnt from 11 A.M. 
to 'j P.M. During the remaining hitnrN th« demand tH MinHll. 
The load factor for the day, uodentood as deflncd above, ih 0-42 
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in 1887 and 0-46 in 1891, when the system had been consider- 
ably extended. This showa that as the number of comnmerB 
Bopplied is greater, the demand is a little more unifonn. 

Fig. 5 shows load curves for the London Gas and Coke 
Company. A gas generating station is essentially a central 
station supplying and distributing a means of producing energy 
either for lighting, heating, or power purposes. The ordinates 
in this case represent cubic feet of gas supplied per hour. If, 
say, 26 cubic feet of gas per hour is assumed to be capable of 
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LOAD CURVES 



furnishing a horse power, it is easily seen that the ordinates of 
the curves to a suitable scale represent equally horses' power of 
energy supplied. In the case of the Gas and Coke Company, 
the lai^st demand is for lighting, and this is greatest in the 
evening. But there is also a considerable demand daring the 
day for gas for beating and for power. The daily diagram 
[actor was 0'41 for a day in January, falling to 013 for a day 
in June. On a foggy day in December it rose to 0*52. 

Fig. 6 gives load curves for the Kensington Electric Light- 
ing Station. As practically the whole of the electridfy 
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irenented is used fcr ligbticg pu tpo»«, the period of luge 
demand ia ahon. &di1 tbe flnciiiklkA of decnaad greater than in 
(>itber of the preriooa esses. lleikilykMd&aoria 0-2-1 fbr one 
of the cxiTVfs, and 0-31 for the otter. But for the putul om of 
Mtorage batteries, tbe load bctor woold bare been zraaller itiQ. 
I hulicntM ami Efrdirf Hotm: Pn<rtr. — la qne«tionR of 
.|)ower distributiou it U clear that it b tbe effecttre bom power 
(leHvered at ilte crank ^baft. and not the tadieated horse power 
developed in the cylinder, which has to be oonaadend. Itia due 
to the difficulty of determinit^ in mM. caaea the nn^haDical 
efficiency of an engine thai ei^iiven bare be«n oontent to reckon 

the indicated borw power. It » tnr tfaat the engine Miction 
n not a very lai^ (nctkm of the poiwvr derelopMl, in fhll load 
trials, nor does this fraction vaiy very gmtl; at fnll load for 
different engines. Bnt it is ernneofta to aamine tacitly that 
tbe engine friction ia in all casea a qnantitj of relatively little 
importance, i>r that it is immaterial whether tbe ateara con- 

iptioo is reckoned on the indicated or tbe eflectire borae 
As tbe engine frietioQ is seariy tbe lanie at all load«, 
though it is ijoly a small fraction of tbe indicated power 
foil load, it is a laii^ fraction at light loads. The electrii-al 
who OSes engine power and has exact means of 
measnring the qoantity of power delivered to dynamos, reiy 
naturally and rightly pays more attention to effectire than to 
indicated power. 

InHitfivre of Mf^iiaHiMl Efieiencg on Ihtr E<viu/m^ of Worh- 
ta^ urUh a Var^ng Ijoad. — ^I1»b mechanical efficiency of stesm- 
enginee, or the ratio of tbe effective to the indicated pow^r 
at. fall load, is 0-8 to O-d-'i lor small engines, and may reach 
at least 0-9 for large engines. It is a liule greater for n^n- 
coadensing than lor condensing eoginee, and for simple than 
for componnd. A triple expansion ergine constrncted by 
Mejwrp. McLaren. test«d on a bfake, gave 122 iji.p., and 107 
on th*- brake, an efficiency of 0-88 ; a very good rcsolt for so 
comi)licated a machine as a triple engine oecesBarilr is- The 
loss of f--wer dne to engine friction is not very greats or even 
for different types very variable, so Ii»og as the engines are 
worked at fnll load. It is quite otherwise, however, at Ughfc 
loada, and the extent to which thin affects the economy of work> 
iitg has been overlooked. 
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Many experiments show that the engine friction is nearly 
the same at all loads. 

Let T^ be the effective h.p. 
T, the indicated h.p. 
F the engine friction in h.p. 
Then 

Te = Tf - F 

and the efficiency is 

^ = t,/t,=t,/(t, + f) 
The following Table gives the results of some experiments 
on a small non-condensing engine : 

Mechanical Efficiency of a Small 
non-condensino engine 



ludicated h.p. 



Brake h.p. 



Percentiige 

of full indicated 

h.p. 



Meclianical 
efficiency 



12 


10-16 


100 


•847 


10-63 


8-86 


88-6 


•833 


10-156 


8-34 


84-6 


•821 


9-50 


7-49 


79-2 


•788 


8-95 


7-24 


74-6 


•809 


7-47 


5-36 


62-2 


•718 


G273 


4-7i>l 


62-3 


•764 


501 


1 312 


41-S 


•C22 



The experiments were made at different times, so that there 
is a little irregularity in the results. The results agree approxi- 
mately with the equation T^=0-95 Tj--1'4. 

It appears, therefore, that the assumption that engine friction 
is independent of the load is sufficiently approximate. Suppose 
an engine works at 100 indicated h.p. and 85 effective h.p. at 
full load. Its efficiency at full load is then 0-85. At other 
loads it will be as follows : 

Table V.— Mechanical Efficiency of Engines 

WITH Varying Load 



Indicated h.p. 


Effective li.p. 


Efficiency 


; 100 


85 


0-85 


' 76 


60 


80 


60 


35 


070 


25 


10 


0-40 


15 

t 





000 
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f The 'lecrease of mechaDical efficiency for light loads is 
PKrkabli', and lias a serious inflm-nce on the economy of 
[rkiog with varying load. 

' Careful fsppriments on mechanical efficiency with varying 
ids are not very numerous. It is useful, therefore, to give the 
result-sof some experiments on H Corliss engine of atjout 180 i.h.p. 
at full load. This engine was tried with a brake at Crensot, 
both condensing and non-coudenaing. It was found that the 
results agreed approximately with the following equations: 
Condensing T.=0-!)02 T.— 10 

Non- condensing T, = 0*9to t, — 12 

tanations which give results not differing greatly from those 
led by assuming the friction constant. The following are 
^ calculated values of the efficiency : — 
Tadlb VI,— Mkcuasical Ekpiciesct 



WITH 


Vj 


BTI»« 


Load 


11UI'> III iictui ' 


c 


llRha 


k.«i 


.ffl»i...ior 


HloilDS 






J-O 
■76 

■50 
•25 

■Jl'5 




■82 

■7» 
-74 




■86 
■b3 

■71* 
■67 
■52 



I 



tli^uwtee I'f i]it LogK due to Biuk Pregnvre nn the Eeonomij 

MSitwm-engiiie leorkimj. — Besidea engine friction, there is 

Jier waste of energy in the steam-engine which has to 

I even greater extent been overlooked. The effective power 

peea than the indicated power by the engine friction; but 

indicated power itself is less than the work done by the 

, by the amount of woi'k done against back pressure. 

I In condensing engines the back pressnre is comparatively 

Jl, bat in non-condensing engines the back pressure exceeds 

E lbs. per 3([uare inch. Its influence on economy, even af. 

load, is considerable, and at light loads it may become 

sively great. 

I In engines working, as most engines do, at constant speed, 

1 work gainst back pressure is nearly independent of the 
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load. In interpreting an indicator diagram (fig. 7) the total 
work done by the steam on the piston, called by Bomo 
Continental writers the ahgo- 
ItUe indicated work, is the area 
o a b cd. The work afterwards 
wasted in overcoming back 
preBSure is o afc d. The dififer- 
ence is the efifective work ab cf. 
The qnantity of steam nsed de- 
pends on the absolate indicated 
work ; the useful energy ob- 
tained on the effective indicated 
Fio. T. work. If the back pressure 

work is constant it becomes a 
larger and lat^r fraction of the absolute wurk as the load 
on the engine is diminished. 

Suppose in a non-condensing engine the work against back 
pressure is 20 per cent, of the absolute indicated work of the 
steam at fiill load. Then for other loads the work is distributed 
thns: 

Table VH.— wabtb or Wobk due to Back F 












26 


100 


T6 


SS 


SO 


50 


2S 


2S 


37i 


25 


laj 




SB 





From the figures in the last column, the friction has to be 
deducted to find the useful effective work. 

The followingTable is calculated from the indicator diagram» 
of a compound engine working at nearly constant speed with a 
varying load. The waste work against atmospheric pressure ia 
calculated, exclusively of the waste of work dae to excess back 
pressure, due to resistance of passages, &c. It represents, 
therefore, work wasted in a non-condensing engine which ia 
almost entirely saved in a condensing engine : 



REOUr-ATION 



Athosphbbe 





Em«U'«iuM«i.l.d.orklnli.p. 


»...„.„. "-lizr 




1W.<-Jll«an 


L,P. ojlinilM 


ludluled wort •ti!i'«pliorm 
ptemme 




40-3 
68-7 
fl4-4 

87-3 
90-* 


u... 

28-9 
38'4 
4H'G 
flO-2 
7S-2 
901 


(,.p, Lp. 
7II-0 B»-5 
87-7 lOO-O 1 

117-1 ioa-0 

181-6 103 ' 
165-2 102-0 1 
1803 lOO-O 



I The work vnsted ie eqnal to J- of the effective work at full 
1 to 13 of the effective work at tlie lightest load. 
At full land a well-designed non-condeusing engine does 
not use umcli 0)01-6 ateom per effective i.h.p. than a condensing 
^^Migine. The greater back pressure in the former is partly 
^^^yanced by the greater cylinder cundensation in the latter, dne 
^^Bthe greater temperature range. But with light loads it is 
^^Hry ditierent. Hence condensing engines i^ho^ld be uaej, if 
^^■VVible, whenever the load is a very varying one, 
^^B It it! stated that at the electric station at Gothenburg the 
^^Riel consniii])tion was reduced by sixty per cent, when con- 
densers were added to the engines. This economy was obtained 
in spite of the fact that at ful! load the engines worked netiHy 
L^a economically when non-condensing as when condensing. 
^^fe If the {Kiwer of an engine is varied by varying ils sjtecd, 
^^^^tead of by varying the work per stroke, the speed being 
^Tonstant, then the conditions are djfl'erent. If the power is 
varied by vaiying the speed, then the work against back 
preasnre bears the same ratio to the effective work a( all loails. 

Ilnfiwiice uf the T'jiK vf Engine, the Sjieed, mul tlw AMc of 
■uUilioii oil the Thei-miil EjHeicucy. — It has already been 
ited out that there are ver)' large thermal losses in 
t engines which are not shown on the indicator diagram. 
; which have a very important effect on economy of 
king. Those thermal losses are greater also at light loads 
a at full load, and they vary very much with the type of 
engine and some other conditions of working. Unfortunately, 
there is not a great deal of information available as to the 
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steam consumptionjof different engines, except in the case of 
full load trials. There are the experiments of the late 
Mr. P. W. Willans, tojwhich reference will be made presently. 
But, except these, there are very few which afford much guidance 
as to the relative economy of engines working with varying 
loads. 

It is possible to get a good idea of the influence of conditions 
of working on the thermal efficiency in this way. Professor 
Cotterill * has found a^ means of calculating the cylinder con- 
densation in an unjacketed simple engine. The rest of the 
steam used can be ascertained in other ways. By examining 
the steam consumption in a variety of conditions for such an 
engine, a good deal of insight may be gained applicable to all 
cases. With the aid of Professor Cotterills formula the steam 
consumption has been calculated for a number of cases and 
the results plotted in curves. Some check on the general 
bearing of these results can then be obtained by plotting in a 
similar way such experimental results as are available. 

An engine has been assumed working at full load in given 
conditions. Then the effect on the steam consumption of 
varying the speed, the initial steam pressure, and the ratio of 
expansion has been calculated. The results have been plotted 
in curves which give the steam consumption in pounds per 
i.h.p. hour at any fraction of full load. 

Let N = revolutions per minute 

d = diameter of cylinder in feet 

r = ratio of expansion 
Then 

c_log,_/- 

is the condensation per pound of steam admitted to the cylinder. 
Let pi be the initial (absolute) steam pressure and 2\ ^^^ back 
pressure in pounds per square inch ; i\ the volume in cubic feet 
of a pound of steam at j)j. Then the indicated work done on 
the piston per pound of steam not condensed is, — 

IMi^jV^jl + log.r-'^Aj 
In consequence of condensation the work per pound of steam 

1 The Steam Engine, 1890. chap. zL 



tuallv used is reduced In the rntio 1 Ui 1 + - — ^' , ReDce, 

J engine in which coadeasatiou occars, tlje effrtMive work 
i pound of steam is 

1 + log, r — ' " 

my,r, ^ ft 

1 + <'J^-' 

■V 

. a h.p. hour is 1,9«0,000 ft. Ibe. of work. Consequently 
I nuuiber of ponods of steam required per Ifa.p. hour will be 
c \og. r. 



0,000 1 + 



.v» 



lU 



p.''l 



1- 



log. 



.-I&l 



r the futlowJDg calculntioDB tbr engine has been assumed to 
J u cylinder four Teet in diameter, and the constant c has 
I tnken equal to six. In considerinir the effect of speed, 
f slow engine working at \2^ revolutions per minute, an 
dinar; engine working at 2^ revolulions per minute, and a 
[ pngiue running at M rerolutioiis per minute, have Wen 
■umed. The hack pressure is taken at :) Ib^ per square inch 
f oonden^ng. and at 10 lbs. per square inch fur non-condensing 

f Melhoi!* rif Jfe^tation trheit the Loiul vartev. — There are 

p ways in which Ibe conditions of working may be varied 

a tlie power demand varies. The speed may be varied, as is 

1 done in the case of pumping engines. The initial steam 

nore may be varied, which altera the weight of steam used 

f stroke by altering the density of the steam. This mny be 

e by varj-ing the boiler pressure or by throttling the Steam. 

Itly, the expansion may be varied, A case of an engine has 

1 tuken and l)ie effect on tbe steam consumption of these 

mt ways ftf varjing tJie power has been calculated. Figs. 

md 9 show by curves the results both for condensing and non- 

oondenaing "'ngines. The results are theoretical, but they have 

been compared with data from various engines, and they agree 

I quit© closely enough for the purpose of comparison. 

', however, these results are applicable only to tinjocketed 
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CONDENSING ENGINES 

Case I. — Power Varied hy Varying the Speed, — p, =110 
lbs. per sq. in. ; Vi = 3'99 c. ft.; normal ratio of expansion 4. 
The steam consumption for these conditions per i.h.p. hour is 
given in fig. 9. As the speed changes from 50 revolutions at 
full load to 6^ revolutions at 12^ per cent, of full load, the steam 
consumption rises from 18 lbs. to 25 lbs. per i.h.p. hour. 

Case II. — The Initial Pressure Varied, — Normal ratio of ex- 
pansion 4 ; Pi at full load 110. The results for a fast, ordinary, 
and slow engine are shown in fig. 9. 

Case III. — Ratio of Expansion Varied. — pj = 110. The steam 
consumption is calculated for a fast, an ordinary, and a slow 
engine. The ratio of expansion at full load is taken at 2 only. 
The results are given in fig. 9. It is due partly to the small 
expansion assumed for full load that the steam consumption per 
i.h.p. diminishes as the load diminishes. It would increase with 
small loads if difierent assumptions were made. 



NON-CONDENSING ENGINES 

The same cases with the same data are calculated and the 
results given in fig. 8. Only, for the case of varying expansion, 
the ratio of expansion at full load is taken at 4. 

The results are plotted in the curves shown in figs. 8 and 9. 
These curves cannot be taken as absolute guides, partly because 
a constant value for c has been taken, partly because the 
formula is only trustworthy within limits. Still, they are very 
instructive as indicating the way in which variation of load 
causes a variation in the steam consumption. 

Curves for Aduiil Engines SimiUvr to the Theoretical Curves, — 
In order to test how far the curves just given agree with tests of 
actual engines, curves drawn in the same way for some engine 
trials in which the engine was tested at difierent loads are given 
in figs. 10, 11, 12. It will be seen that although these curves 
embrace a remarkable variety of engines, the size, the speed, the 
type of engine, and the initial pressure all varying considerably, 
yet the curves for corresponding cases are very similar to the 
theoretical curves previously given. 
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Fig. 10 shows curves drawn from data in Mr. Willans's- 
paper on non-condensing engines, simple, compound, and triple. 
Also one curve for a triple condensing engine. The full curvea 
show the effect of regulating by varying the boiler pressure or 
by throttling. The dotted curves show the effect of varying 
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expansion, and varying both expansion and pressure. In this 
figure the abscipsse are percentages of the full load effective or 
brake h.p. Fig. 11 gives the same results, the abscis883 being 
percentages of the full load indicated h.p. The comparison of 
the two diagrams is instructive, because it show.? how much 



more rapidly the steam consumption increases at ligbt loads 
when the real useful or effective work is considered than ivben 
the indicated work is conBidered. It shows tltat to pay attention 
to the indicated work only ib misleading. 
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^^^Bb the few c&ses in which large engines have been cnrefiilly 
^^VRpd with Tai7ing loads. The results are more irregular than 

"Sir. Willans's results, as might be expected, but tliey nn» 

inetructive nevertheless. 
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Mr, WUlans^s Law. — In the discussion on Mr. Crompton's 
paper^ the late Mr, P. W. Willans first stated a remarkable 
simple approximate law for the total steam consumption of an 
engine, working at constant speed with a constant ratio of ex- 
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pansion. He found that the total weight w in lbs. of steam used 
per hour for any engine in the conditions stated was given by a 
linear equation of the form 

t(; = a + feh.p. 

where h.p. is the horse-power at which the engine works. Thus, 

* Proe. Ifut, Civil Engineers, voL cvi., p. 62. 
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for an engine of 100 indicated h.p. at fiill load, he obtained the 
following equations, in which i.h.p. is put for indicated h.p., and 
•e.h.p. for electrical h.p., which is taken at 80 per cent, of the 
indicated power. 

Non-Condensing Triple. — (About 6*7 expansions.) 

i^; = 450 + 13-75 i.h.p. 
= 725 + 13-75 e.h.p. 

NoTirCondensing Compound. — (About 4*45 expansions.) 

ty = 525 + 16-25 i.h.p. 
= 850 + 16-25 e.h.p. 

Condensing Triple. 

t(; = 112 + 13-75 i.h.p. 
= 377 + 13-75 e.h.p. 

If, instead of calculating the total steam per hour w, we calculate 
the steam per h.p. hour, we get results which, plotted like the 
previous diagrams, give rectangular hyperbolas, curves which 
agree closely with the theoretical curves for the case of varying 
pressure previously given. To show the great variation of steam 
consumption these values are given in the following tables for 
full load, half load, quarter load, and one-eighth load : — 

Table IX.— Steam Consumption, Lbs. per I.H.P. Houb 



Indicated h.p. 


Non-coDdenting 


Condensing 


Compouud 


Triple 


Triple 


100 
60 
26 
12i 


21-6 
26-7 
37-2 
682 


18-2 
22-7 
31-7 
49-8 


14-9 
160 
18-2 
22-7 



Steam Consumption, Lbs. peb Electbical H.P. Houb 



Electrical 
b.p. 


Non-condensing 


Condensing 


1 
Compound > Triple 


Triple 


80 
40 
20 
10 


26-9 

37-6 

68-7 

101-2 


22-8 
31-9 
600 
86-2 


18-5 
23-2 
32-6 
61-4 
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Although these results are obtained from Mr. Willans's 
formula, they agree with remarkable exactness with his experi- 
mental results, and may be taken to be experimental results 
obtained with extremely good engines. Nothing could more 
strikingly exhibit (1) the decrease of efficiency at light loads, and 
(2) the very great superiority of the condensing engine at light 
loads. 

Increase of Steam Consumption Working with a Vwriahle 
Load. — Captain Sankey has applied Mr. Willans's formula 
to find the steam consumption of one or more engines 
working against a variable load, as in an electric lighting 
station. He takes a normal midwinter load curve and examines 
how the necessary current could be supplied during the twenty- 
four hours : (1) with an engine capable of exerting the 
maximum power required, (2) with smaller engines. He also 
considers the steam consumption when one additional engine is 
kept running at half speed* as a stand-by in case of accident. 
The results, rearranged and a little modified, are given in the 
following table. It is assumed for convenience that the 
maximum load is 500 electrical h.p., and that the engines are 
non-condensing. 

Table X.~Stbam Consumption in Engines Workinq with a 

Variable Load 







Steam oonsump- 


Per cent, increase 




Average 


tion in lbs. per 


of steam con- 




load factor 


average electrical 


sumption doe to 






h.p. hour 


variable load 

1 


I. 500 e.h.p. enfrine . 


0-22 


50 


108 


la. 600 e.h.p. engine, and 








similar engine running at 








half speed 


0-19 


67 


180 


II. 200 e.h.p. engines 


0-49 


34-6 


44 


Ila. 200 e.h.p. engines, with 








one similar engine run- 








ning at haM sp&ed . 


0-36 


42 


75 


III. 100 e.h.p. engines 


0-65 


29-6 


23 


Ilia. 100 e.h.p. engines, and 








one similar engine run- 








ning at half speed . 


0-63 


331 


38 



Influence of Irregular Working of the Boileis 07h tlie 
Expenditure of Fuel. — With a varying load the steam con- 
sumption, and consequently the fuel consumption also, is 
increased: (1) in consequence of the decreased mechanical 
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liency of the engines with light loads, (2) by Ihe greater 

irtion tile work expendeti in overcoming back [jressure 

to the totfll work of tlie steam, ()ij by the diniinislied 

al efficiency of the engine. Bot all theee catises taken 

hvT do not explain fully the great fuel consiimptinn in such 

electric lighting etations. There ia another very 

ioas cause of uneconomical working which cannot iit present 

estimated quantitatively for want of sufficient experimental 

itigation. With a very varying load boilers moat be put 

steam and banked up altei-nately, and the waste in getting 

up steam and allowing the boilers and brickwork to cool down 

again is no doubt considerable. This waste is at present 

niiavoidable, except so far as means can I)e adopted to improve 

load line. 

Some test* made by Professor Kennedy, at the Millbank 
't Station of the Westminster Electric Supply Corporation, 
indicate pretty cleaily a boiler waste additional to the engine 
waste. Dividing the day into three portions, he determined 
the fuel consumption, the feed water evaporated, and the 
indicated and electric h.p. developed duiing each period. It 
will be seen that during the periods of light loading the fnel 
iption per h.p. honr is veiy large. 






BLK XI.--COAI. CONBOMPTIOX IN BOHJIBS WITH A VABIABLK LOAD 


- 


7*Kt 


S 


Miaiiik-iit 


Ml«BfDt» 

Uuun 


«») Ui.p. hoar* 
tal eJi.p. houn 
Ml per l.h.p. hoar Ibi. , 
ftl per e.h.p. hoar ibs. . 
m. of vai«r evapornted 
peiIb.ofcMa . . 
s. water per i.h.p. bout . 
«. water per e.b.p, hour . 


563 l,»GiS 
400 S7il 
6H8 326 
&-67 4-G6 

B'92 ! 980 
407 SIS 

GT-2 13-8 


407 
260 

S'80 

927 

677 
910 


4^6 
6 63 

821 
38'3 
644 



I Perhaps the fairest way of considering the waste due to 
iable load will be to compare the mean consamption in the 
/-four hours with the consumption between G p.m. and 
midnight, when the load was heaviest. It will be seen that tlie 
mean steam consumption per electrical h.p, hour was 21 per cent, 
greater than during the period of heavy load. But the mean 
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consumption of coal per e.h.p. hour was 46 per cent, greater 
than during the period of heavy load. The difference of 
22 per cent, must be attributed to waste at the boilers, due to 
irregular working. During the whole twenty-four hours the 
mean evaporation in lbs. of water per lb. of coal was only 
85 per cent, of the evaporation during the period of maximum 
load. 

Variation of Effi^dencij and Fuel Consumption in Internal 
Furnace or Explosion Engines. — Gas and liquid fuel engines 
receive their charge at atmospheric pressure, as well as ex- 
hausting into the atmosphere. Hence in a complete cycle 
the resultant back pressure loss is comparatively small. The 
engine friction, however, is rather larger than in steam engines, 
and appears to be independent of the load. Hence the 
mechanical efficiency decreases at light loads. Also at light 
loads the combustion is in some cases less perfect, or proceeds 
more slowly, and this is a cause of loss. It is well understood 
that gas and petroleum engines should be worked as far as 
possible at full load. At the Dessau Electric Station, which is 
worked with gas engines, large secondary batteries are used to 
store the surplus energy when not required for supply, and to 
obviate the necessity of working the engines at light load. On 
the other hand, engines of this type have the very great 
advantage that they can be started in a few minutes when 
required, and stopped whenever they are not wanted. There is, 
in a station worked with such engines, no loss like that due to 
irregular working of the boilers. 

From some experiments on gas and petroleum engines, the 
author obtained the following approximate equations for the 
amount of fuel used. 

Let w = fuel used per brake h.p. hour. 

p = fraction of full load at which the engine is working. 

For gas engines using lighting gas 

6-4 
IV = — h 15*25 cubic feet of gas per hour. 

For petroleum engines 

0-4 
w =z h 0*6 lbs. of oil per hour. 




It will be tt«n that Ae (net in fbt^l per ii.p. boor i 
greatlj at light toads. 

Tim Stettm TitriiMf. — It is T<erj many r«an since Ginrd 
predicted tfaat- nltimatelj steam tarixnea would snpetsede 
i«ciprocatin|f enginrs. Altkot^fa many engineen hare ex- 
perimented 13a steam tnHnnes, Giiard'e pndiction is- still 
ntifulfitled. Bat impoirtant laugicw hu been made in the use 
of steam turbines. Tbe decbric etatjons at Cambridge and 
Newcastle are worked with these motors, and the steam torlHue 
may have an important part to plaj in central ^taticm working. 
Credit 13 doe to Mr. C. A. Parsons for first completely 
facing tbe mechanical difficulties involved in designing a steam 
turbine. Of these tbe most obviotts is the excessively great 
nomber of rotations at which any str&ni turbine musl run. The 
circmnfeiential speed of any turl>ine must depend on the *'eloeity 
dne to the pressure head of the flnid used. Taking steam of 
1 M) IIjs. absolute pressure, the weight f>f a cubic foot is 0-3 1 iS lbs. ; 
the height due to the preeaure is ( UO x 144) 0-3U8 = t! 1,000 
feet: the veJocity due to this height is roughly 8-02Vti4,0O0= 
, . 2,030 feet per second. It is at aorae large fraction of this 
■bMivmoos Telocity that the circumference of a steam turbine 
^^^bt ran ii' any good efficiency is to be obtained. 
^^^PMr. Parsons ])artially met the difficulty by using multiple 
^TBfbiues, ao as to divide the pressure diHerence to be dealt with 
into stages. Id his earliest form of turbine, a series of axial 
flow turbiuefl were placed on a commoti shaft, thirty or forty in 
mber, with lixfd guide vaues between each pair of turbine 
Several hundred of these nxiul How multiple turbines 
3 constructed for electric light work, the n^regale borso 
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power amouttting to 4,000. The speeds of rotation were 10,000 
revolutioiiB per minute and npwards. Mr. Parsons has now 
modified the construction of his turbine and made it a radial 
outward flow turbine. The turbines in this type are arranged in 
concentric rinffs on a rotating disc, with fixed guide vanes between 
each pair of rings. The steam works its way 
radially through a series of guide vanes and 
wheels outwards, and then passes to the centre 
again to flow through another series. Professor 
JIT ....^fl_^ Ewing, P.R.S., has tested one of these turbines of 
liHl IK 135 electrical h.p. The consumption of steam 

was 27'6 lbs. per e.h.p. This corresponds to 
a reciprocating engine working with 20 lbs. of 
steam per i.h.p. Since then still better results have been 
obtained, and the remarkable feature is shown that the increase 
of steam consumption per h.p. with low loads is much less than 
with reciprocating en^nes. 



i 



Another steam turbine, less generally known at present, is 
one invented by M. Gnstav de Laval. Unlike that already 
described, this is a simple impulse turbine. The st«am is dis- 
charged through two, four, or more nozzles, acquiring in an 
expanding mouthpiece the full velocity due to the pressure 
head, and issuing at atmospheric pressure with its energy con- 
verted into kinetic energy. It is received on the vanes of a 
single simple impulse turbine passing through it axiallj. 
Fig. 13 shows one of the nozzles dischargiug into the wheel. 
Fig. 14 shows the turbine wheel (5), on it* shaft (4), and at 
{3) the pinions of a pair of spiral gears, by which the speed is 
directly reduced in the ratio 10 to 1. The complete ex- 
pansion of the steam to atmospheric pressure in the nozzle (or 
to a lower pressure if an ejector-condenser is used) is de^ 
termined by the proportions of the nozzle. The velocity of 
discharge for st«am of 75 lbs. pressure expanding to atmoepheoc 
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■e ia given ae 2,625 feet per second; expanding to a 
1 presaare of 1^ lbs. per square inch, at 4,600 feet per 
!ond. The speed of the turbine is limited by the resistance 
centrifugal tension. In a h.p. turbine the peripheral speed 
!s stated to be 574 feet per second, and the number of revolutions 
30,000 per minute. One great ditliculty wilh turbines running 
at BO high a speed is to ensure dynamical Imlanee. In the Laval 
turbine the shaft is very small in diameter, and has a consider- 
able unsupported length. If the balance is not perfect the 
shaft, bends till the axis of rotation becomes an iixis of inertia. 
ft^JBtere ai-e then no vibrations. The spiral gearing takes up the 
i thrust and also runs perfectly quietly. The speed governor 
^very small, simpie, and effective. 

Experiments have been made on a ^0 h.p. Laval turbine by 
Dfessor Cederblom. The steam pressure by gauge varied 
108 to 122 lbs, per square inch. A Korting ejector- 
" condenser was used, and the pressure in the exliaust pipe of the 
turbine was 1'7 lbs, per square inch. The turbine developed 
{i'3-7 brake h.p, with a ^team consumption of 19'73 lbs. per 
brake h.p. hour, and a tonsnmption of 2'(i7 lbs. of coal per 
brake h.p. hour. These are extremely remarkable results. 

The important feature of such a turbine, besides its economy 
■of working, is ita extreme simplicity and the absence of wearing 
parts. It can be regulated for light loads by stopping the flow 
throngh one or more of the nozzles. It ought, therefoi-e, to 
have an efficiency witli light loads little less than that with full 
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CHAPTER III 
THE COST OF STEAM POWEB 

The probable cost of steam power in any given case can only 
be determined by careful estimates in wbich local conditions are 
taken into account. The cost of coal, facilities for obtaining 
water, the cost of labour, even the type of engine and character 
of the buildings required are more or less different in different 
cases. Further, the way in which the power is applied, the 
number of hours the engine is used per day, and the regularity 
of the load during working hours affect very much the cost* 
Certain typical cases may, however, be taken, and an average 
estimate made of the cost in such cases. The case will be taken 
first of engines used in industry and working a regular number 
of hours daily with a nearly regular load. This will afford some 
indication as to how far motive power, supplied from central 
stations by some method of transmission, can be used economi* 
cally, in place of power generated locally by steam engines. 
Then the special case of the cost of power, generated by steam 
in central stations for distribution will be considered. 

Cost of Engines, Boilers, and Buildings, — With engines of 
100 h.p. or more the cost can be pretty definitely stated, and 
the total cost of engines and boilers per h.p. does not vary very 
greatly with the type of engine adopted. For if a cheaper and 
simpler type of engine is selected, then, its eflSciency being less, 
the boilers have to be larger. But with small engines the cost 
per h.p. increases very considerably, both because small engines 
are less eflScient and because they are more expensive to con- 
struct. 

It will be assumed for the following estimates that the total 
cost erected of engines and boilers, with pipes and auxiliary ap- 
paratus and such buildings as are necessary, may be taken to b& 
as foUows :— 



COST OP STEAM POWER 
Tablk Xnr.— Cost of Steau Plant 



Effective h.p T 

Cust per l.b.p. in £ 6S 

I Cost pet effective b.p. in £ . . ,80 

In deterniiiiiDg the nnnual cost intereat will be taken at 5 per 
cent., and maintenance (repairs) and depreciation at "^ percent. 
Cod of Coal inid Petty S/oven,— In the following estimates 
coal will be taken at 20s. per ton. The amount of 
coal required must be calculated so as to allow for lighting up 
boiler furnaces, for waste duf to cooling of boilers and brickwork 
when steam is let down, and for working auxiliarj" apparatus 
Bfiucb OB feed pumps. 

Table XIV.— wobkino Cost of btham Plant 



r. — 

1 iDdbiatHl hnnF-puKn 


- 


>o I « 


wo 


Effeciive b.ti 

Vml per i.li.p. ho.ir, lbs 

Coal per eftective h.p. hour, lbs, . 


■7 

B 


T'5 


40 


163 
20 



The cost of petty stores will be taken at 0-25?, per 
e^ctive h.p. per atmum in the case of moderately large engines 
working teu hours a day. In other cases a proportionate 
estimate will be made. 

Cost of hnho'ir. — For driving, stoking, and cleaning, an 
allowance of I 2/. per annum per effective h.p. for 3,00(1 hours, or 
0'6/. per annum for J, 000 houre, will be made. In the case of 
engines of 10 h.p, or less, however, the labour reckoned on the 
h.p. coats considerably more. 



L .-„„,._,-.,,.- 


1 


10 


M 


no 


IfctMWit Bt Sper cent, on eii^nes, boilers and 
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8-00 


.100 


2'2S 


1-88 


, Cwd At SOi. per ton 


SI 3 


312 


Vfirt 


1-Ot 


IVMy Mores ...... 


0-60 


0-30 


0-20 


016 


Labour 


6'SG 


300 0-80 


070 


Tola] cn5t of 1 effective h.p. per year of 










1,0(10 baan ia£ 


23-88 


1142 


G'31 




1 Cost in peDoe pet effeoti»e h.p. honr 
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Table XVI.-— Cost op an Effective H.P. pee Year of 3,000 Wobk- 
iNQ Hours. The ETngine Working regularly with nbarlt Full Load 



ludicated borse-power 



Interest at 5 per cent, on engines, boilers and 
buildings 

Maintenance and depreciation at 7^ per 
cent 

Coal at 205. per ton 

Petty stores 

Labour 

Total cost of an effective h.p. per year of 

3,000 working hours in £ . 
Cost of an effective b.p. hour in pence . 



I 


10 


60 


200 


£ 


£ 


£ 


£ 


400 


2-00 


1-60 


125 


6-00 


300 


2-26 


1-88 


15-39 


9-36 


4-68 


3-03 


0-76 


0-45 


030 


0-25 


12-60 


600 


1-60 


1-20 


38-64 


20-81 


10-23 


7-61 


3-10 


1-66 


•82 


•61 



The results given in these tables are plotted in figs. 15 and 
16. The extremely rapid increase in the cost of working for 
small powers is very striking. 






YEAR or 1000 HOURS 




Figs. 15 and 16. 



Anmial Cost of an Effedire H.P. per Annum obtmned by an 
Engine worhing with Bowson Gas. — It will be useful to pla6e 
alongside these estimates of the cost of a steam h.p. an estimate 



of the cost of a h.p. obtained from a gas engine. For com- 
parison the very careful estimate of Professor Witz may be 
taken based on experimental trials of an engine of 112 i.h.p. or 
77 effective h.p. worked with DoB-son gaa. The total cost of 
the engine with pump and pipe^ was 944/. or 82/. per i.h.p. 
The gas generator cost 280/., or 2ol. per i.h.p. Foundations and 
erection (without buildiags) coet 6Sl.. or O'til/. per i.h.p. The 
total cost without bnildings was therefore 11-3/. per indicatetlor 
17-2/, per efi'ective h.p., a cost about equal to that of a st«am 
en^ue plant of the same (ower. Professor Witz takes the 
coat of itnthracite at ,ibs. a ton and coke at 2Sn. a ton. He 
allows for interest and depreciation 15 per cent. The gas 
oonsiimption is taken at 81 c. ft. per effective h.p. hour, which 
allows nothing for irregular working. Professor Witz's iignres 
•re reduced to a year of 3,000 working hours. 

Taw-k XVII.— Cost op an Kfi-bctive U.P ih a Gab Esoisk raise 
Dow»o^- Gas, pes Yk.\r of 3.000 WnaniNo HocBs 

liiterestand depreciation at IS per ceni 2-JH 

Anthracite and coke 2Sfi 

1'ulty iitorea JO 

Wages -m 



> cost appears to be slightly less than that of a steam 
^ne of corresponding power. Thecost is equivalent toOolil. 
T effective h.p. hour, 
Oogi of Steirm Power in Centrnl Stirtionn. — The case of a 
station worked by steam power differs from those 
(vioosly considered, in consequence of the excess of plant 
Iqnired and the waste due to working against a varying load. 

In such a generating station, whether supplying electricity 

t energy in any oilier form, it is usually necessary to work night 

1 day. Part of the engines must work 8.7(iO hours in the 

JBr, but for a large fraction of the time much of the plant is 

idle. The demand for motive power purposes is 

jst during the day hours, that for lighting during the 

X hours; during part of the night the demand for any 

D is very Bmall, It follows that the plant required must 

ih larger than Ihat which would be required to meet the 

BTAge demand, if that could be supplied uniformly during the 
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24 hours. Further, there must be a reserve of power, so 
that any engine or boiler can be laid aside for examination or 
repair without hindering the work of the station. That reserve 
will be taken to be 25 per cent, of the whole power. 

The earning power of the plant depends on the average 
demand and average rate of working. The coal and labour 
depend on this also, but are increased in consequence of the 
uneconomical conditions of working. The interest and de- 
preciation must be calculated on the maximum output of which 
the plant is capable. 

How enormously the cost per h.p. per annum may be in- 
creased by the conditions which arise in central station working 
will be shown by an examination of the returns of cost at some 
electric lighting stations. 

Cost of Engines^ Boilers ^ and Buildings reckoned per Indicated 
H.P. at Full Load, — ^The following data will be assumed in the 
following calculations of the cost of central station working : — 

Table XVIII.--Cost Assumed fob Steam Plakt 

Cost in £ per i.h.p. 
at full load 

Condensing compound engine, with the necessary 
pipes, pumps, &c., for supplying condensing 

water 7*5 

Erection of engines 0*3 

Foundations 1-1 

— 89 

Boilers, steam pipes and auxiliary eng^es . . 4-3 
Erection ol boilers 0-5 

— 4-8 

Buildings : — 
Engine house, boiler house, and coal store . 5-0 
Chimney 10 

— 60 

Total . . ' . 19-7 

High speed condensing engines may be obtained, erected, 
but exclusive of boilers and buildings, as low as hi. per i.h.p. 
On the other hand, there are large engines costing 30Z. per 
i.h.p. The cost varies with the piston speed. 

Working Cost of Engines reckoned also at per LH.P. ai Full 
Load, — ^The cost of coal will be taken at 7s. per ton. The cost of 
oil and petty stores will be taken at 0-28 pounds per i.h.p. per year. 
Labour is a difficult item to estimate, because it depends so 
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much oa management and conditions of working. The cost of 
labour will be taken at 'll. per i.h.p. actnally exerted per 

The. following rates will be assumtd for interest and de- 
preciation : — 

Iiilcreat on capital cost of place 4 

MnSntenoDce and depreciation ;— 

IlluiWings . 2 
Mnchitiery 71 
From wliat has been said it will Iw seen tluit the annual cost 
of a h.p, depends on the distribution throughout the day of 
the work to be done. If the work is regular and the engine 
works at nearly full load the cost of the h.p. is comparatively 
small. On the other hand, if the work is very irregular, 
larger engines are i-equired, the working is inefficient, and the 
<tia t is comparatively large. Two limiting cases will be con- 

I Case 1. — Cotiditwn* timiUir to those of an Engine pumpitig 
f Reeervoirgf nyjht awl <lay, all the year round. — Such an 
gine may be taken to work 90 per cent, of the whole year, or 
Si houre in the year. For one effective h.p. of work done 
B muat be ejserted l/0-8o = l-176 i.h.p., allowing for engine 
iction. And for every 1176 i.h.p., engines of 1'47 i.h.p. 
1st be provided, to allow the necessary reserve. 

Case ^.—Emjhies working in CwulUioiut nmilar to those of 

ft EUctric Lightiwj Station.— 'V\iq engines work all through the 

, but the maximum demand is four times the average 

tnand. For every effective h.p. the engines must exert (neg- 

Bting the variations of mechanical efficiency) I'l 70 i.h.p., and 

r every 1'17G i.hip. of average demand tiiere must be provided 

■gines capable of exerting 4'70 i.h.p. during hours of maximum 

demand. Further, to allow a reserve the engine power in the 

station must be 587 i.h.p. for every effective h.p. of average 

i&nd. 

Case 1. — Engines workinQ on a very Regular Jjoad, in Ctrndt- 

gimUnr to tkose of un Engine pumping to a Jleservvir. — Here 

' one effective h.p, exerted during 7,881 hours annually, 

ines of 147 i.h.p. must be provided. Such eugiues may be 

a to ase 1 \ lbs. of Bteam per i.b.p. hour in teet trials. But 



64 DISTKIBUTION OF POWER 

in ordinary work 7^ per cent, more must be allowed for leakage 
working auxiliary engines, and less careful attention. Tt^ij 
makes the consumption 15 lbs. of steam per i.h.p., orlSxl'lVC 
= 18 lbs. per effective h.p. hour. At 9 lbs. of steam per lb 
of coal, allowing also 5 per cent, for lighting and banking fipes, 
the engine would use 2*1 lbs. of coal per effective h.p. hanr. 
There are very few engines working with quite so low a con- 
sumption. 

Table XIX.— CobT op Installation per E.H.P. 

£ 
Cost of engines for 1 effective h.p., or with reserve 1*47 

i.h.p. = 1*47 X 8-9 13-3 

Ck)8t of boilers » 147 x 48 70 

Cost of buildings « 147 x 6-0 . . . . .8*8 



Total 291 



Annual Cost op Working per Effective Hobse Power 

£ 

Interest at 4 per cent 1*164 

Maintenance and depreciation : — 

Buildings at 2 per cent 01 76 

Machinery at 74 per cent 1-622 



Total fixed annual cost 

Coal, 21 lbs. for 7,884 hours, at It. per ton 

Petty stores 

Driving, stoking and cleaning . 



Total annual cost 



2-862 

2-587 
0-327 
3*334 

8-110 



This is equivalent to 0*24rf. per effective h.p. hour. 

Case 2. — Engines working with very Varialle Load in Cow* 
ditions similur to tlwse of an Electric Lighting Station, — Here, for 
one effective h.p. supplied on the average throughout the year, 
engines of 5 '87 i.h.p. have to be provided. On account of 
the inefficiency and waste, due to the variation of the load, it is 
best to estimate the steam and coal from experience in similar 
cases. Probably no electric lighting station at present works 
with quite so low a consumption as 6 lbs. of coal per hour per 
electrical unit supplied. A consumption of 9 lbs. is probably 
much more common in the best managed stations. Six lbs. 
of coal per electrical unit corresponds to 3*8 lbs. per effective 
h.p. hour. 
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'AiiLH XX.— Cost op Installation, 
ttoC enjcioes Foi' uneavcragecffectWe h.p.,with reserre 

»7 i.h.p. = 6-87 » e» 52 a 

i of boilers - 5-87 * 4-8 28-6 

% of bnildingB - 6 87 « KO 36-2 

Total cost 1159 

ANNiTAi, Cost op Woekim; pbb Epfbctive H.P, 

£ 

Interest at 4 per cent 1*64 

Maintenance and deprecialion :— 

Machinery at 7^ per oent 6'05 

RuUdings at 2 [ler cent OTfl 

Total flzecl annual cost . . . 1l-:iD 

Coal, 3-8 lb», (or 8,7i!0 hours, st 7i. per ton . 6-20 

Petty stores 033 

Driving, stoking and cleaning 2-33 

Total annual cost .... Ill'25 

This is equivalent to O'Sld, per effective h,p. exerted on the 
averse throughout the year. 

Cost of a H.P. at exutijig Eteetric lAgMing Stations. — It is 
perhaps not entirely fair to take the coat of working of electric 
UghtJng stations as a guide to the coat of bteam power. Tbi?y 
have been recently established, tliey work under difficult con- 
ditions, and the best methods of eeonomisiug cost have probably 
not yet been arrived at. On the othei' hand, Lhey are 'central 
stations of the kind discussed in these lectures, and accounts of 
the cost of working are published in returns made to the Board 
of Trade. 

To be as fair as possible to electrical engineers the case of 
Bradford may be taken, where according to the returns a unit 
of electricity supplied is generated more cheaply than at nny 
other station. In dealing with the figures in the returns, the 
cburges under the heading 'salaries of manager, engineer, &c.,' 
and those under the heading ' redemption fund,' are discarded. 
Further, half the cost under the headings ' depreciation ' and 
'repairs and maintenance' is also subtracted, because under 
these headings are included charges not belonging to the cost of 
generating power. It would not make much difference if a 
larger or smaller fraction had been subtracted. After making 
these deductions, the cost of a unit of electricity supplied at 
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Bradford, mainly, if not entirely, attributable to the cost of pro- 
ducing power, is 2- Id. Now, the mechanical value of an electric 
unit is 1*34 h.p. hours. Taking the average eflSciency of the 
dynamo at 0*85, then one unit corresponds to l*34/0*85 = 1'57 
effective h.p. of the engine. Calculated on this basis it appears 
that the cost of an effective h.p. per year of 8,760 hours at 
Bradford is 49Z. The cost of coal and petty stores alone, ex- 
clusive of all charges for labour, interest, and depreciation, 
is 14*62. At most other stations for which returns are made, 
the cost reckoned in the same way is considerably greater. 



CHAPTEK IV 

THE STORAGE OF ENERGY 

Ts most applications of the energy derived from fuel the 
fluctuation of the demand for power involves increase of cost 
in two ways: (1) The generator of energy mnat be large 
enough to meet the masiranm demand, so that its cost for a 
given output is greater than it would be if the demand for 
power were constant. (2) In the working of such a large 
generator there is waste of fuel and increased cost of super- 
intendence. In steam central stations which must supjily 
cnergj' throughout the twenty-four hours of the day the de- 
mand for power flnctuates very greatly, and the increased 
cost of power due to this is serious. Probably electrical 
central stations for lighting are those in which the fluctua- 
tion is greatest of all, and hence electrical engineers more 
than others liave sought means of storing energy in times of 
small demand, to be used in times of large demand. 

To completely meet a varying demand by generators of 
energy worked at a nniform rate, there must be an amount 
of storage of energy satisfying two conditions. Twenty-four 
hours may be taken as the natural period of the fluctuation 
of demand for energy. In each twenty-four houi-s there will 
nHaally be two periods, one in which the demnnd falls below 
the average demand, and one in which the demand exceeds 
the average demand. The excess of energy to be supplied 
during one period will, on the average, be t-qual tn the de- 
6cieiicy in the other period. If the generators are worked 
at a uniform rate, then all the energy supplied in excess of 
the mean demand in one period must be taken from storage, 
fuul must have been put into store during the period in 
which the demand fell below the mean demand. But this is 
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not the onlv condition to be satisfiei With some kinds of 
storage the rate at which energy can be taken out of store 
is unlimited. In other cases it is limited, and then the 
storage must be so arranged that the rate at which energy 
can be taken out of store is equal to the difierence between 
the maximum rate at which energy is required and the mean 
rate. 

Fly-wheel Storage. — All steam engines are provided with 
fly-wheels which store and re-«tore part of the energy generated 
in the cylinders. Let w be the w^ht of a fly-wheel in 
tons, V its velocity of rim in feet per second ; then the 
total kinetic energy is (approximately enough for the present 
purpose) 2,240 w (t7*/2^). For a range of variation of velocity 
from r, to r, the amount of energy alternately stored and re- 
stored is 

2,240 w ^^V^' foot lbs. 

Suppose a fly-wheel weighs twenty tons, its rim velocity 
cannot generally exceed fifty feet per second, for reasons of 
strength. K a 5 per cent, variation of speed is permitted (which 
is more than is usually allowed), the amount of energy 
alternately stored and re-stored will be 169,800 foot lbs., 
or 0086 h.p. hour, an insignificant quantity compared with 
the work which would be done by an engine with such a 
fly-wheel. If, however, the fluctuation of demand for energy 
occurred in half a minute, the fly-wheel would supply in that 
time 10*28 h.p., which might have a very useful effect in 
diminishing variation of speed. The function of a fly-wheel 
is therefore to meet the fluctuations of demand for energy in 
very short intervals of time, and it has no sensible effect in 
regulating the variation of demand and supply over longer 
intervals. 

Gasholder Storage, — The distribution of gas is not 
strictly a distribution of energy, but only of the means of 
conveniently obtaining it. But a gas-lighting distribution 
is analogous to a distribution of energy, and the demand 
varies nearly as much as in an electrical distribution. The^ 
gas engineer is happy in having a convenient and • 
means of storage. Usually about twenty-four houi 
of gas is stored in the gasholders at a gas-gener 
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tbe gss-mabing plant can be worked at an almost 
rate day and night. Tukiug 25 c. fV. of f^ 
apftble of yielding one effective li.p, bour of energy*, it 
• t^at gaaliolders cost nlxiut Of. Gil. per effective h.p. 
■ Etorvd. Hr. Trewby pnts (he cost of gasholders at a 
I station at ID.OOOf. per million cubic feet of gas kij^ 
1 per day. Taking these gashoIdeTs to contain tweotjr-lbar 
i' supply, and reckoning thirty cubic feet of gas per h.p, 
', the gasholders cost only about Gf. per h.p. boor of iturage 



L station supplying one million cnbic feet per dsf, am- 

1 as a power station, works virtoally at ],G6(> avengn 

tive h.p. dnring the whole tweaty-foor boora. The ooit 

i gasholders adequate to meet any fioctDatun of detoand 

s to only 0/. per average effective h.p. aopplied. AlUming 

per cent, for interest aod depreciation, the atofage adds abcMit 

r eSectire h.p. to the annoal ccct of tbe power. 

ircvtie SImv^. — Hydraulic storage will be ftiwwWJ io 

chapter. Ji ia tofficieot here to state that in 

; systems energy is stored ia two wayi, bj bydraalie 

by reserToiTB. In the aocnmalaton tfce 

■mniiit of tfoergy stiHed is so onall that tt is tmlj 

DctnatHJoa of dcdwod. TIm 

I is dae to tbe great ooat of Mxamabton, wbkfa 
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this fall, at which further energy cannot usefully be drawn from 
store, but must be supplied by the compressors. 

For the purpose of diminishing fluctuations of pressure, 
small reservoirs of a capacity about equal to the air supply in 
three to five minutes are suflScient. For storage of energy 
much larger reservoirs are required. A very large air reservoir 
(400^000 c. ft. capacity) was at one time projected for the Paris 
compressed air system, but it was never carried out. It was in- 
tended that this should fill with water under a head of 260 ft. 
as the air was drawn ofi", the water being again driven out when 
the air supply from the compressors exceeded the demand. In 
that case the pressure would remain constant. More commonly 
the reservoirs merely supply part of the air they contain by 
expansion with diminishing pressure. 

In the Portsmouth Dockyard compressed air system, for 
instance, there are eight air receivers of a total capacity of 
18,000 c. ft. The normal (gauge) pressure is 60 lbs. per sq. in. 
Let pi = 75 lbs. (absolute) ; 2?^ = 15 lbs. ; Vj = 18,000. Then 
the work to fill the reservoirs, assuming isothermal compression 
and neglecting friction, would be — 

144^1 Vj loge(p,/pJ 
= 311,100,000 foot lbs., 

• 

or 157 h.p. hours. This agrees sufficiently with a statement by 
Mr. Corner that the receivers can be filled by the 200 i.h.p. 
compressing plant in one hour. Not all this work can be 
recovered by calling on the store in the receivers. Suppose the 
pressure can be reduced to p^ = 40 lbs. per sq. in. by gauge, or 
55 lbs. absolute, before it is too low to work the motors. Then 
the work recovered would not exceed — 

144 v, {p, loge (PilPn)—P2 log, (pjp.)} 
= 125,600,000 foot lbs., 

or 63 h.p. hours. Part of this would of course be lost in 
inefiicient action of motors. Mr. Comer states that about half 
the machines on the air mains can be worked for about two 
hours with air drawn from the receivers, the compressors being 
stopped. This means probably that they are driven at their 
ordinary intermittent rate of working for two hours. It is 
obvious that such an amount of storage as this, though it does 



nfif equalise atipply ami demand over the twenty-four honrs, 
may have aa important efl'ect in regularising the working of the 
compressofB, engines and boilers, and may not only he a con- 
venience in permitting stoppage for slight repairs and in other 
Kyg, but may greatly reduce the waste of fuel and steam due 
Pftriation of demand foi' power. 
Aeeumtiliitor <n- Batlery Stm'ii^e.- — The electrical engineer 
aid be glad to have a means of storage equivalent to a gas- 
holder. For a time it wns thonght that such aa equivalent lind 
been found in the storage battery. The use of such batt<?ne8 is 
limited to continuous current systems, and they have besides the 
pr&ctical defects— (1) that the maximum rate of discharge is 
limited, and (2) that abont one-fifth of the energy stored is wasted. 
Nevertheless they would have been an extremely important factor 
in electric central station working but for their excessive cost. 
With a twenty-fonr hour load-line, such as that of most electric 
lighting GtatioDE, the amount of storage required to enable the 
generators to work at a uniform rate maybe defined thus. The 
batter}' must be capable of supplying energy at a rale equal to 
three times the mean rate of supply for the twenty-four hours. 
Also it most be capable of storing during one part of the twenty- 
four hours, and re-storing in the other, about half the whole 
supply for the twenty-four hours. The cost of storage batteries 
prohibits their employment on this st-ale in large stations. 
Employed in a limited way, they serve some useful ends. Jn 
some stations they supply the energy required for ten to thirteen 
hours out of the twenty-four, during which time the engines 
(ire stopped. They diminish the fluctuation of load of the 
engines during the time in which they are running, storing 
energy not required in the external circuit. But they do not 
obviate the necessity for having a varying number of engines at 
work. Professor Kennedy puts the case well when he says 
that they ■ enable the station to be shut down for some hours 
and act as fly-wheels, smoothing the irregularities of supply.' 
The accumulator battery, however, ia inferior to the fly-wheel in 
tiie rate at which it will absorb and give out energy to meet 
momentary fluctuations of demand. 

I'oet of Acctmi'ilator JlaHerieg. — From data given me by Pro- 
fessor Ayrton it appears that eight Epstein cells tested in the 
laboratory wonld work at one h.p. and store a charge for two and 
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a half h.p. hours. The cells cost, without allowance for buildings, 
insulation or switching arrangements, or for waste of energy, 
201, That is, the bare cost of the cells amounts to 20Z. per h.p. 
reckoned on their maximum rate of working, or to 81. per h.p. 
hour stored. Suppose a station working at an average of 500 h.p. 
The maximum demand in the twenty-four hours would be 2,000 
h.p., of which 1,500 would have to be supplied from the battery. 
The cost of the battery to supply energy at the necessary rate 
would be 30,000Z. During twenty-four hours the quantity of 
energy supplied would be 12,000 h.p. hours, half of which must 
be stored. Batteries of suflBcient capacity would cost 48,000/. 
Here the latter condition determines the cost. Taking interest 
at 5 per cent, and maintenance and depreciation at 12^ per 
cent., the annual cost of the battery would be 8,400Z., or nearly 
171. per h.p. of average rate of working of the station. This 
is the bare cost of the ceUs, without buildings, adjuncts or 
reserve. 

In a project for lighting Frankfort-on-Main, Mr. Oskar von 
Miller and Mr. Lindley provided large secondary battery 
stations. The batteries had a capacity of 11,700 ampere hours, 
and were capable of supplying a current of 3,500 amperes 
at 100 volts. The batteries with wood platforms, insulation, 
&c., were taken to cost 25,100?., and the buildings for them 
11,600Z. This is equivalent to a capital cost of 23/. per h.p. 
hour of storage capacity, or 78/. per h.p. reckoned on the 
assumed maximum rate of working. The difference between 
this and the previous calculations is that it includes necessary 
adjuncts, buildings, and reserve of storage to meet contin- 
gencies. 

Thermal Storage, — Secondary batteries being too costly as a 
means of storage, except on a very limited scale, the question 
arises. Is any other means of storage available in conjunction 
with steam engines ? Some means of hydraulic storage will be 
considered later : such means are rarely applicable for the storage 
of steam power. Lately Mr. Druitt Halpin has proposed a 
system of thermal storage which appears in many respects to 
meet the conditions required. 

Energy is first obtained in steam power stations in the 
form of heat. Can the heat be directly stored ? Heat is a 
very unprisonable form of energy, escaping through all bodies 
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a all directions. But in New York eteain ia trunsmitted 
5I1 milea of pipes, and by reaeoiiable jacketing the loss 
^uf heat is reduced to a moderate percentage of that cumed. 
tn a properly constroet.ed atoreiiouse for heat, with reservoirs 
(^loaely packed and presenting little external surface, the 
radiation loss need not be large. 

For storage, heat must be imparted to a material body of 
large heat capticity. It ia easily given to water in boilers of 
ordinary construction. A body of water, highly heated in a 
vrell insulated chamber, will store a large quantity of heat. 
To permit the water to be heated it must be kept under 
the pressure con-esponding to its temperatare. Water heated 
above 212° and kept from vaporizing by pressure may be 
conveniently termed »uperheaie<l wat^r. The taak of storing 
a mass of heated water presents no mechanical or physical 
difficulty. 

It is a condition of any system of heat storage fop 
■central stations that the energy stored should be recoverable 
whenever and at aiiy rate of supply required. Superheated water 
fulfiU the condition. If the preasui'e is reduced, steam is 
generated instantly and in controllable amount. The steam 
general ed can be used in the engines tu produce mechanical 
energy as it is wanted. 

Mr, Halpin's plan is therefore to communicate heat in 
boilers to a body of water. The heated water is stored in 
reservoirs under pressure. From the reservoirs steam is taken 
cbrough a pre^ure-reducing lalve exactly when and in what 
quantity it is required. Mr. Ualpin proposes that the heat 
reservoirs should be under a pressure of 2C5 lbs. per sq, in. 
(absolute) when fully charged, the corresponding temperature 
being iOli" F. He proposes that the steam engines should be 
worked at 130 lbs. per sq. in., corresponding to Z\T F. The 
total heat stored when the reservoirs are fully charged is the 
differenci- of the total heat of tbe water at 406'^ and at 347° F., 
or the heat due to a range of temperature of 59°. Everj' 
pound nf water falling in temperature through that range will 
yield 61 thermal units of heat. But the total heat required t« 
generate a pound of steam at 130 lbs. per sq. in. from water at 
347° is 8G8-8 Th. U. Consequently UJ lbs. of water falling 
in temperature from 407° to 8t7° will yield a jjound of steam. 
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To allow for radiation loss and imperfect working, this may 
be taken at 16 lbs. of water per pound of steam. A 
simple cylindrical reservoir 8 feet in diameter and 30 feet long 
will contain 84,000 lbs. of heated water. Such a reservoir 
would be capable of generating under the conditions supposed 
5,250 lbs. of steam at 130 lbs. per sq. in. 

The steam consumption may be taken to be, per eflTective 
h.p., 18 lbs. per hour in condensing and 25 lbs. in non-con- 
densing engines. Hence one such reservoir would store 286 
effective h.p. hours if the steam is used in condensing engines, or 
210 effective h.p. hours if the steam is used in non-condensing 
engines. 

If the reservoir were fully charged and discharged daily it 
would yield 104,400 and 76,660 effective h.p. hours of stored 
energy yearly in the two cases. 

A reservoir 30 ft. by 8 ft. would cost, erected with ample 
allowance for buildings and appendages, 470Z. As it is not ex- 
posed to fire its deterioration would not be considerable, and 10 
per cent, would be suflScient to cover interest, maintenance, and 
depreciation. Hence the first cost of such reservoirs reckoned 
on their storage capacity, and the annual cost per h.p. added to- 
stored energy by the cost of storage, would be as follows : — 



Cost of reservoirs per 

effective h.p. hour of 

storage capacity 



Annual cost of storage 

per h.p. supplied 

from resenroirs 




Condensing plant 
Non-condensing plant 



The cost in the last column is the cost due to storage ot 
8,760 effective h.p. hours annually. 

Mr. Halpin's plans appear to be practicable and to promise 
considerable economy in stations where the load fluctuates 
greatly ; but they are untried, and it would not be fair to omit to 
point out that there are details of working involving diflBculties 
which must be met. On the plan shown the steam must be 
generated in the tanks only, and a perfect circulation must be 
secured, perhaps by putting the storage tanks in series or groups. 
To prevent steam being generated where it is not wanted, and 
where it would be embarrassing, the temperature must not rise 
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10 



' part of the system above tJie temperature due to the 

1 pressure in the steam space. Hence a large volume of 

circnlation must be maintained. Other ways of working are 

however possible, if the method described proves to involve too 

^uuh difficulty. 

^^■Tbe coist oil the mean annual b.p. supplied is not incou- 
^^Kable, but it is not prohibitive. The waste in irregnlarly 
^roting stations is so large that, {'nmii fncie, it may be assumed 
tbat there is economy in storage on Mr. Halpin's system. But it 
must be remembei^d that this system attacks the boiler waste 
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^QH^, and leaves the engine waste due to varying load untouched. 
Yo a certain extent the latter loeses can be mitigated by sub- 
division of the engiues. 

rrimgement of Thermal Storage liefervo'irs on Mr. Halpin's 

, is possible that the best way of working thermal 

B tanks is not yet known, hut one arrangement proposed 

ifig. 17. The steam boiler A is completely filled with 

storage tank B nearly so. The two are in free com- 

1 by a system of circulating jjipes. There is an 
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ordinary feed pump siipplyiDg water direct to the boiler or the 
storage tank. But instead of keepiag the wut«-r in the boiler at 
a. nearly constant level, the level in the storage tank is kept 
iiearly coniitant. In addition there ia a circulating pninp 
maintaining u rapid current of water from the boiler to tiM 
storage tank, and consequently back from the storage tank 
to the boiler. Water heated in the boiler is constantly being 
sent to the storage tank, and water cooled by dlBeuf^igement 
of steam is returning to the Iwiler. The steam spaceH of ths 
tanks are all in commnnication. Tiie pressure there will be th« 
steam pressure due to the hottest tank. The steam required 
is taken otT through a reducing valve. It will then ba 
generally dry or slightly superheated, in consequence of v 
drawing, which is advantageous for the efficiency of 
engines. 

In a station with thermal storage tanks, the boilers would' 
be of a size sufficient to supply the mean demand for steaM 
on tJie day during the year when the demand is great««tkj 
The boilers would be worked continuously at a nearly uniforta 
rate, like a bank of gas retorts. The heat not required ift 
hours of small demand would be stored in the tanks. Thtt 
excess of heat required to generate steam in hours of great 
demand would be taken from the store in the tanks. 

ComiKirison of Hlen.m. Central Stations u.-orked in the ordiruof 
way aiid wurlted with 'i'herm^ Storage. — The following ejcampit 
of a central station, with a load-line like that of the Ken- 
sington Electric Lighting Htation, has been worked out by Mr, 
Halpin. Fig. 18 shows the ordinary midwinter load-line of. 
such a station, the ordinates representing effective h.p. Tb^ 
total output in twenty-four hours is 16,600 h.p. hours, i 
that the mean rate of working is 15,600/24, or (fSO effectii 
h.p. For practically seven hours the demand exceeds tibe 
mean demand, and daring that period altogether 10,450 h. 
hours must be supplied, which is ofiOO h.p. hours in 
of the 7x050 = 4,550 h.p. hours which correspond to the 
average demand in the twenty-four houre, The maximum di 
mand for a short period is at the rate of 2,400 h.p., or 3"7 
times the mean rate. 

If this station is worked in the ordinary way, without any, 
storage of energy, it must have engines ond boilers abla 
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levelop 2,400 h.p. These will be worked to tbeir full capacity 
[br a short time only, and during seventeen hours they will have 
D develop less than 650 h.p. 

In a station with adequate thermal storage tanks, the 

tigiues would have to be of 2,100 h.p., but boilers of 650 

|l.p. only would be necessary. The thermal storage tanks would 

(apply daring seven hours the excess energy, amounting 

^>,900 U.p. hours, which would have been carried into 

1 during the seventeen hours of small demand. Taking 

bs. of water to supply 1 lb. of st«am, 360 lbs. of water 

Bstored would supply one effective h.p. hour. Then the thermal 

■ storage tanks would have to contain 900 tons of superheated 
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iirater. Tweuty-fonr tanks 30 ft. x 8 ft. would have suffi- 
cient capacity. 

Staiion luiUioiU slorat/e iatiks. — Eight boilers, each with 
te,000 sq. ft. of heating surface, and two boilers in reserve. Cost 
t ten boilers with pipes, pumps and cost of erection, 10,300/. 

Staiimi with ihsrmal doroije tanks. — Two similar boilera, 
ind one in reserve. In addition, 24 storage tanks. Cost of 
1 boilers and 24 tanks with pipes, pumps and cost of 
rtion, 15,000/. 

The cost of the plant is greater with the storage tanks by 
■4,700i. Taking interest and depreciation at 10 per cent., this 
Kwould correspond to an annual cliargc of 470/. The extra cost 
fa! the storage is sixteen slnllings per h.p. hour of storage 
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ordinary feed pump supplying water direct to the boiler or the 
storage tank. But instead of keeping the water in the boiler at 
a nearly constant level, the level in the storage tank is kept 
nearly constant. In addition there is a circulating pump 
maintaining a rapid current of water from the boiler to the 
storage tank, and consequently back from the storage tank 
to the boiler. Water heated in the boiler is constantly being 
sent to the storage tank, and water cooled by disengagement 
of steam is returning to the boiler. The steam spaces of the 
tanks are all in communication. The pressure there will be the 
steam pressure due to the hottest tank. The steam required 
is taken oflF through a reducing valve. It will then be 
generally dry or slightly superheated, in consequence of wire- 
drawing, which is advantageous for the efficiency of the 
engines. 

In a station with thermal storage tanks, the boilers would 
be of a size sufficient to supply the mean demand for steam 
on the day during the year when the demand is greatest. 
The boilers would be worked continuously at a nearly uniform 
rate, like a bank of gas retorts. The heat not required in 
hours of small demand would be stored in the tanks. The 
excess of heat required to generate steam in hours of gi'eat 
demand would be taken from the store in the tanks. 

CompcurUon of Steam Central Stations worked in the ordiruirtj 
way and worlxcd with Thermal Storage, — The following example 
of a central station, with a load-line like that of the Ken- 
sington Electric Lighting Station, has been worked out by Mr. 
Halpin. Fig. 18 shows the ordinary midwinter load-line of 
such a station, the ordinates representing effective h.p. The 
total output in twenty-four hours is 15,600 h.p. hours, so 
that the mean rate of working is 15,600/24, or 650 effisctive 
h.p. For practically seven hours the demand exceeds the 
mean demand, and during that period altogether 10,450 h.p. 
hours must be supplied, which is 5,900 h.p. hours in excess 
of the 7x650 = 4,550 h.p. hours which correspond to the 
average demand in the twenty-four hours. The maximum de- 
mand for a short period is at the rate of 2,400 h.p., or 3*7 
times the mean rate. 

If this station is worked in the ordinary way, without any 
storage of energy, it must have engines and boilers able to 
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de%-eIop 2,40(} b.p. These will be worketT to thpir full capacity 
for B short time only, and daring seventeen hours they will have 
(o develop less than 650 h.p. 

In a station with adequate thermal storage tanks, the 
engines would have to be of 2,400 h.p., but boilers of GoO 
li.p. only would be necessary. The thermal storage tanks would 
supply doring seven hours the excess energy, amounting 
to .1, 900 h.p. hours, which would have been carried into 
them during the seventeen hours of small demand. Taking 
16 lbs. of water to supply 1 lb. of steam, 360 lbs. of water 
stored would supply one effective h.p. hour. Then the thermal 
storage tanks would have to contain 900 tons of superheated 
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Twenty-four tanks 30 ft. x 8 ft. would have suffi- 
bt capacity. 

■ S/a/u>7i iinthaut doTiuje toiAs.— Eight boilers, each with 
Q sq. ft. of beating surface, and two boilers in reserve. Cost 
"ton boilers with pipes, pumps and cost of erection, 10.300/. 

Siidunt u-ilh thermal sforajje tnnks. — Two similar boilers, 
and one In reser^'e. In addition. 24 storage tanks. Cost of 
tiiree boilers and 2-i tanks with pipes, pumps and cost of 
erection, 15,000/. 

The cost of the plant is greater with the storage tanks by 

1,700/. Taking interest and depreciation at 10 per cent,, this 

would correspond to an annual charge of I/O/. The extra cost 

' tbf> storage is sixteen shillings per h.p. hour of storage 
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CHAPTER V 

WATER POWER 

Where there exists a natural waterfall with a considerable and 
regular flow, and where natural conditions are favourable for 
the construction of the necessary works, water power is generally 
much cheaper than steam power. The water costs nothing; the 
cost of maintenance of the hydraulic machinery and the cost of 
superintendence are small. The annual cost of power consists 
almost entirely of interest charges on the capital expended in 
works and machinery. The power obtained in this way is 
regular, controllable and convenient. 

So well is this recognised that industries like those for the 
electric reduction of metals, which involve the expenditure of 
large quantities of mechanical energy, seek localities where water 
power is available as a first condition of successful operation. 
In this country there is comparatively little water power. The 
drainage areas are comparatively small, and the flow of the 
streams is irregular. Coal also is cheap and abundant. Hence 
water power is of secondary importance. But in some other 
countries water power is hardly subordinate to steam power in 
manufacturing industries. The extension of methods of trans- 
mitting power to a distance would make many natural water- 
falls available which are at present unutilised. It is because 
the transmission of power is now receiving so much attention 
that there is a remarkable revival of interest in the utilisation of 
water power. 

With few exceptions, water power has hitherto been em- 
ployed only in the immediate neighbourhood of the natural 
waterfall. Where there has been a distribution of water power 
to different factories, it has commonly been efiected by conveying 
the water itself to the factories, where the power is developed 
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nd used. In some cases water has been conveyed for mining 
lid manufactnring piirposea very considerable distances. But 
^ inore convenient and cheaper method of transmitting power 
deri'^^'i from water would greatly increase the availability of 
tbis source of energy, and, in some countries, would change 
jjje relative importance of steam power and water power. 

It appears from a report by Mr. Weissenbach that, in 
187*5. 70,000 h.p., derived from waterfalls, were in use for 
tjmoufacturin); purposes in Switzerland. It is e8timat«d that 
tbe total available water power in Switzerland amounts to 
582,000 h.p. Putting the annual value of a h.p. at til, this 
coTTPsponds to a total annual value of 3^ million pounds. Sup- 
posing it used to replace steam power, there would be an annual 
Bftving of 1} million tons of coal. It ia stated that, at the 
pres^Kt time, Switzerland pays annually to other countries 
800,000/, for coal.' The greatest part of this could be saved, 
if ita natural wr-alth of water power were rendered available. 
Tixe recognition of the importance of water power is now exciting 
great interest in Switzerland, and many factories are either 
nsinp: water power, or making preparations to do so. 

The utilisation of wat«r power often involves the construction 
of large permanent works, such as river dams, reservoirs, and 
canals. Mr, Emery estimates that at Lawrence, in the United 
States, 200,000/. was spent on works, independent of the 
hydraulic machinery, and at Lowell a still larger snm.* 

Such extensive works eaii be best executed by an association, 
in the interest of many consumei-a. Thus is created a water- 
power company, who establish what is virtually a Central Water 
Power Station, and a distribution of power at a rental to con- 
inuners. In the American cases, as alt'eady stated, the water 
iteelf is distributed in canals to consumers, at a level permitting 
the creation of a wateriall at the mill or factory. But in certain 
otier cases a further step ia taken : the Water Power Company 
utilise a natural fall, and erect the necessary turbines, and 
then transmit the power in the form of mechanical energy to 
consumers. Installations of such a kind, now of a quite 
respectable antiquity, were erected at Schaffhausen, Freiberg, 
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Zlirich, and Bellegarde. In these cases the method of trans- 
mitting power adopted, admirable as it was, had limitations, and 
the extension of the works was restricted. Now that there are 
new means of transmission, the Schaffhausen and Zttrich power- 
generating stations are being increased, and a new and remark- 
able installation has been erected at Geneva. 

The original project for utilising the motive power of the 
Rhone at Geneva, partly for pumping a supply of water, partly 
for motive power for industry, comprised 20 turbines of 300 Lp. 
each, or an aggregate of 6,000 h.p. Fourteen of these were at 
work in 1892. Four more of somewhat larger size will, it i& 
expected, be constructed by 1898. When these are at work the 
whole available water power in Geneva will be utilised. But 
it is foreseen that the demand for power will not then have 
been satisfied. The total receipts for the installation reached 
22,500Z. in 1891, and were increasing 2,200/. annually. The 
municipality of Geneva has determined to provide for future de- 
mands, and plans are being studied for utilising 12,000 h.p. at 
a point on the Rhone six kilometres below Geneva, whence the 
power will be distributed electrically. At Biberist, near Soleure, 
Messrs. Cuenod, Sautter, & Co. have utilised 360 h.p., and trans- 
mitted it 28 kilometres electrically. At Genoa, water power, due 
to surplus fall along a line of water main, has been utilised at 
three stations. The greater part of the energy is transmitted to 
Genoa for electric lighting and power purposes. 

These are cases where water power has been utilised and 
distributed which are actually in operation. But many other 
schemes, some of them on a still larger scale, have recently been 
projected. On the United States side of the Falls at Niagara an 
immense work is in progress for obtaining 100,000 h.p., and 
distributing it electrically. The rock tunnel for this amount of 
power is completed. A turbine wheel pit for three 5,000 h.p. 
turbines is nearly complete, and another for turbines of 6,000 
h.p. intended to drive a paper mill. A project for utilising a 
still larger amount of power on the Canadian side is under con- 
sideration. There has been a project for utilising 10,000 h.p. 
on the Dranse at Martigny ; another for utilising 20,000 h.p. 
at a point 17 kilometres above Lyons. In Sweden there is a 
project to transmit power from the Dal River at Mansbo to the 
Norberg mining district, a distance of 10 miles. There is a pro- 
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ject to tnuiBmit power from a fall on the Jadat River to Otter- 
BOtid, a distance of II mites. There are projects t^ transmit 
power, from the falls of TroUhaften and the river Motaln, to 
Gothenburg and NordkOpiiig. It is stated that works are 
actually in progress for obtaining 11,000 h.p. at Orizaba, In 
Mexico, on a fall of 115 feet. The power is to be distributed 
electrically to factories. 

Wnler I'wref in the Vmled Slates of America.^h is in the 
United States of America that water power is moat largely used, 
where it is in most direct competition with steam power, and 
where data for a comparison of their relative advantages can 
beet be obtained. Interesting information as to the extent to 
which water power is atilised in the United States is given In a 
paper by Mr. G. F. Swain read before the American Statistical 
Association.' 

The money value of the water power atilised In the United 
States is very considerable. From the returns of the Tenth 
Census it appears that, in 1880, there were 5J,(J00 water-wheels 
and turbines, of an aggregate of l,2-jO,OUO h.p. At 'A. per h.p. 
per annum the water power utilised is worth 0,2-30,000/. a 
veer. 

The comparison of the relative amount of water and steam 
power is Interesting. Taking the whole of the United States, 
30 per cent, of the power used in manufacturing was, [in 
1880, water power, and 6i per cent, steam power. In certain 
industries the proportion of water power was gi-eater. In the 
aianufat'turing of cotton and woollen goods, of paper and of 
flour, 7f'>0,000 h.p. derived from water and 510,0011 h.p. di-rived 
from steam were employed. In the North Atlantic division 
4'81 water b.p. are utilised per square mile. 
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Fig. 19 is a map, taken from Mr. Swain's paper, which sliofft 
that over a considerable area of the United States the 
power used exceeds the steain power. It should, however, 
poiufced out that, in the det-ada 1S70-80, during which the tot^ 
power used increased 4o ]Kr cent,, 9 per cent, of the increaae wi 
due to water power and 91 per cent, to steam power. It 




possible that, under the new conditions now obtaining, the preset 
decade will show a greater relative increase of w«t«r power. 

Am^i-iean Mdlud of DigtriMin-j IP..^■/■ /'..»vr.— The methe 
in which water power is distributed in America to a nomber i 
consumers is almost i>ecnliftr to that country, A Water Powi 
Company is formed which undertakes the conatnictiou of tl 
permanent works, such as a river dam, sluices, and distributio 
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s. In New Engtand, there are five water power stations 
pr more than 10,000 h.p, in utilised duriug working honrs, 
I thirteen stations where more than 2,000 h.p. is utilised, 
water is distributed to mill-owners, who construct the 
I and pay a rental to the Water Power Company pro. 
rtioned to the amount of water naed. The earliest application 
f this system was at Paterson, New Jersey, where the Passaic 
ev furnishes about 1.100 h.p. niglit and day.' At Lowell, 
teiichusetts, the utilisation of tlie water power began in 
The Merrimac River has a fall of 3o feel, and fumishea at 
< minimum abont 10,000 h.p. during the usual working 
At Cohoes, in the State of New Yort, the Mohawk 
las a fall of 10^) feet. It could furnish about 14,000 h.p. 
working hours, but is only partly utilised at present. 
; Manchester, New Hampshire, tlje Merrimac has a fall of 
I f^t and furnishes at the minimum abont 10,000 h.p. during 
itrking hours. At Lawrence, Massachusetts, the Essex 
Jbmpany built a dam, forming a fall of 2S feet, and obtaining a 
rainitiium power of 10,000 h.p. during -working hours. At 
Holyoke, the Hadley Falls Company built a dam, forming a fall 

tSO feet and rendering a power of 17,000 h.p. available duriug 
rkiug hours. 
To indicate the magnitude of some of these works it may 
stated that at Lawrence the masonry river-dam is 900 feet 
long and 32 feet in height. The cost was oO.OOO?, From this 
rhim two canals extend down stream, one on each bank, and 
between these canals and the river are located the mills, occupy- 
ing the entire river front. On the north side the mills extend 
for a distance of more than a mile. The cost of the canal on 

K north side, 5,330 feet in length and 100 feet in width at 
upper end, was -50,000^ The canal on the south side, 2,000 
in length and GO feet in width, cost 30,000/. 
The case of the town of Holyoke, Massachusetts, may bo 
described in somewhat greater detail. All the factories in the 
town ai-e worked by water power, and the system is strictly a 
distribution of power from a common source to many consumers, 
at a rental proportional (o the power need, although tlie power 
ia actually developed in the mills by turbines belonging to the 
"Jl-owners. The Holyoke Wat«r Power Company controls the 
I 3. B. KiancU ; Trum. Jm. Soe. of C. K, vol. x, p. 189. 
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flow of the Connecticut River, which has a drainage area above 
the town of 8,144 square miles. The first weir or dam was 
built in 1847, but it was carried away. A second dam of crib- 
work was built in 1849. In 1868, an apron was constructed to 
protect the rock immediately below the dam. Since then, Mr. 
Clemens Herschel has carried out extensive repairs of the dam ' 
under conditions of singular diflSculty with great success. The 
structure is now 130 feet in width, 30 feet in height, and 1,019 
feet in length. Prom above the weir, a canal supplies water to 
the highest line of mills. After driving turbines in these mills, 
the water is collected in a second canal, which is a supply canal 
to a second line of mills. The tail-races of these mills discharge 
into a third canal, from which other mills are supplied before 
the water returns to the river at a point where the level is 60 
feet below the level above the dam. 

Nearly 15,000 h.p. are in use by day and over 8,000 h.p. 
at night, of which part are 'permanent powers' held under 
leases and subject to annual rental ; the balance are ' surplus 
powers ' held by contracts subject to withdrawal at short notice. 
There are 139 turbine water-wheels in Holyoke, of which 59 
run about ten hours daily, and 80 run from Sunday midnight 
to Saturday midnight, or 144 hours per week. 

With the grant of land for a rtiill there was leased the right 
to use a definite portion of the water power. A ' mill-power ' 
is defined as 38 cubic feet per second, on a fall of 20 feet, during 
sixteen houra per day. This is equivalent to about 63 effective 
h.p. on the turbine shaft. At the time when Mr. Herschel 
became engineer to the Wat^r Company, the water was used 
extravagantly. By introducing a system of testing the turbines 
before their erection at the mill, data were obtained from 
which the quantity of water used by the turbine, at any gate- 
opening for any head, could be calculated. At each mill, gauges 
are placed showing at any time the height of the fall. Observa- 
tions of the fall and gate-opening at each turbine are made by 
inspectors daily, and the quantity of water used is thus ascer- 
tained. The exce^ of water used above that granted by the 
mill lease is chargea for as * surplus power.' 

It is an advantage to the mill-owners to have this surplus 

' * On the Work done for the Preservation of the Holyoke Dam in 1886/ by 
Clemens Herschel ; Tram, Am. Soo. of C, E,^ vol. zv. p. 643. 



■ at moderate cost, and the system introdnced by Mr. 

schel, by which the charge for water is made to depend on 

urate meaeurement of the amoont used, led to great economy 

1 the asc of the water aud secuivd a large surplna power at 

B disposal of the niilla. 

Observations of the gate-opening of each turbine and the 

Ibetween head and tail race are made at each mill, at least 

B in the day and once at night. Three iuspeclors are en- 

i exclusively in this work. From the daily observatiions 

B quantity of water used at each mill is calculated. Part of 

B 18 charged for, accoi-diiig to the terms fif the lease, at a fixed 

fetal. The balance is charged for as surplus power. In times 

■ drought the amount of aarplna power is restricted. 

TIte Hohjokfi Testhuj Fbimv.' — The first flume at Holyoke 

: conetructed by Mr. Emerson. The business of testing 

lee became so important that the Power Company erected a 

lume and buildings, under the dii-ection of Mr. Hirschel, in 

This is placed between two of the canals of the Company 

? from 17 to 19 feet of head is available. It has offices 

1 repairing shops, and is fitted with dynamometers of different 

sizes, a measuring weir with accurate hook gauges, gauges for 

measuring the head, clocks with electric signal bells and other 

^^yipUances for experiment. 

^^fc Fig. 20 shows the general arrangement of the flume. The 
^^Htcr entera through a 9-foot wrought-iron pipe a from the 
^^^jper canal into a masonry ante-chamber, from whioii it is 
ailmitted to the chamber C by the regulating sluices GG, In 
this chamber there is a small turbine for working the ["epairing 
shops. I is a tail-race tor this turbine. From c the water 
passes over stop planks into the wheel chamber i>. on the floor 
of which is placed the turbine to be tested. For cased wheels, 
the chamber D is empty of water, and a supply pipe is attached 
to the timber bulkhead L. The water is discharged through 
culverts N into the tail-race E, at the eud of which is the measur- 
ing weir o ; R is a suspended platform over tlie tail-race. At r 
is a recess in which the measurements of the water level over 
, the weir ai'e made. 

L The turbine to be tested being fixed in the chamber d, a 



I See a paper by R. H. Tbi 
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.friction broke with water-cooled rim ie fixed on its sh&ft. 

Attendants at the brake adjust the weights and the tension of 
the friction band. OUier 
obserreiB at the weir note ' 
the height of water over Uie 
weir. The reTolutions of » 
counter are noted at minnte 
intervals. A series of trials 
are made with each gatfr- 
opening, the load on the 
brake being varied to give 
different speeds. From the 
observations there can be 
plotted curves giving the 
discharge for each gate- 
opening at different speeds, 
and the efliciency corre- 
sponding to each gate-open- 
iDg and speed. It is not 
absolntelj necessary that the 
turbine should be tested on 
the fall on which it is to be 
nsed, because the discharge 
veiy approsimatelj varies as 
the square root of the head, 
and the efficiency does not 
vary much for different 
heads when the speed is pro- 
portional to the sqaare root 
of the head. 

The measuring weir has 
a capacity of 200 c. ft. per 
sec. Any head from 4 to 17 
feet can be used. The cost 
of a test is 10 per cent, on 
the list price of the wheel, 
with a minimum charge of 
g30. In 1883 the number 
of wheels test«d was 185. 




TATER POWER 

iStlatinCogiofWalfrmulSteii'm Power in the UniiedStates. — 
1 some cases local conditions are so favoarable tliat water power 
con be developetl at nn almost nominal cost. In other casi-s, 
with less favourable lucal conditiona or from unforeseen contin- 
gt'nciea, expenditures have been incurred which have mode the 
cost of wat«r power excfsaive, greater iu fact than that of steam 
power. 

Mr, Swain puis the average coat of ateam power in the States 
ID favourable localities at -It. per h.p. per annum, and that 
of water |)oiver at about 2?, per h.p. per annum. Both these 
estimates ore ao low that it may be suspected that they are 
based rather on the nominal power of the plants than on the 
average actual h.p. used throughout the year. The cost of water 
power however varies greatly. Mr. Swain Ptates that, while in 
the North West of the United States the c-ost fur interest., depre- 
ciation and water rental is about 21. 2s. to 2/. og. per h.p. per 
annum, in New Jersey it is ftwm 12/. to 15/. That water power 
is used at all at a cost so large as this proves that it has advaii- 
ti^^ of convt'iiience, compared with steam power, which balance 
some excess of cost. 

It is somewhat difficult to arrive at a precise knowledge of 
the cost of water power in the great works in America, because 
of the gradual way in which they have been developed and the 
want of complete data as to the amount expended, Mr. C E. 
Umery,' who is probably rather prepossessed in favour of steam 
ror, has made the following estimate of the cost of water 
T at Lawrerice. 

^He pnts the total cost of tbe structural works at Lawrence 
^00,000/,, and the power utilised as equivalent to 13,000 
, for t.en hours daily throcghont the year. That makes 
I cost of structural works 154/. per h.p. The cost incurred 
' the rnill-owners in erecting turbines, sluices, &c., he pets 
at 9/. per h.p. of the turbines, or 13/. per average h.p, actually 
utilised, the turbines being generally constructed to yield 
surplus [x)wer in times of emergency. This makes the total 
e^pe.ndit^^e 28-U. per averse h.p. utilised ten hours daily 
throughout the year. He allows 2J per cent, for depreciation, 
H per cent, for repairs, 1^ per cent, for taxes, 10 per cent, for 

' 'Tli^CostDf steam Power,' U/C.K.Etnery; Trant, An.Soe.ofEUrtnettl 
BMfiwH>rt, Hatch lft!)3. 
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interest, and 2 per cent, for working expenses, or altogether 
17 per cent, on the capital expenditure. This makes the 
annual cost of a h.p. at Lawrence 4'7Z. per annum, which he 
takes to be about the same cost as that of steam power, with 
economical engines, and coal at 8«. to 128. a ton. 

This estimate is for cases where only a moderate fall is 
available ; with large falls and in favourable conditions water 
power can be obtained at a much less cost. 

Cost of Water Power at Geneva. — It appears that at Greneva 
for the first groups of turbines erected, of 840 h.p., and for the 
river works then completed, the capital cost amounted to 60L 
per eflFective h.p. The groups of turbines subsequently erected 
have cost only 191. per h.p. The mean cost, when the present 
works are completed, will amount to 271. per effective h.p. In 
this case the water costs nothing. If we allow 5 per cent, for 
depreciation, repairs, and working expenses, and 10 per cent, 
for interest on capital, the cost per h.p. per annum will only 
amount to 4L In the new works, below Geneva, where 12,000 
h.p. are to be utilised, it is estimated that the whole cost for 
turbines and structural works will amount to 60Z. per h.p. for 
the first 2,400 h.p. When the whole installation is completed, 
the capital cost will be only 271. per h.p. 

STORAGE OF WATER POWER 

The need of storing power obtainable from a natural water- 
fall arises out of considerations which are different from those 
which apply in the case of steam power. A river flows 
day and night with an energy which varies seasonally, but not 
from hour to hour. The work to be done in a factory or 
central station varies necessarily from hour to hour, and in the 
majority of cases there is no demand for mechanical energy 
for half the • twenty-four hours. If no means are provided 
for storing the available energy, a large part flows away, and is 
wasted. 

There is another reason. In the case of water power nearly 
the whole cost is due to interest on capital expended on per- 
manent structures, and an allowance for depreciation. Very 
little is due to working expenses. But with steam power only 
' about one-third to one-half of the whole cost is due to permanent 



cbargee, and two-thirds to one-lialf is due to wages and fuel. If 
A steam engin« stops for twelve houre out of the twenty-four, 
half the coal and wages are saved. Though the coat per h.p. hour 
13 increased, it is only increased by about 2o per cent. But if 
water-power niat-hiiiery is stopped for half of the twejity-fonr 
boars, the cost of a h.p. hour is doubled. 

At some of the American watei'-power stations, an induce- 
ment is held out to consninerB of power to work night and day, 
a lower rate being charged for power taken at night. In other 
cases the difficulty is met by storing the wat«r during the night 
BO that it can Iw used during the day. The amount of power 
available in working hours is then doubled. One of the most 
characteristic advantages of water power is that the storage of 
energy is possible by means not excessively costly or difficult. 
Tnrther. it is the facility of storing energy iu elevated reservoirs 
which, in some cases, makes it profitable to pump water to be 
afterwards used for power purposes, 

There are tw" distinct methods of storing energy in hydraulic 
systems — accumulattn- storage, and reservoir storage. 

Perhaps, on superficial consideration, it would appear very 
unlikely that it conld be profitable to pump water for power 
purposes by steam pumps. 'Jliei-e are cases where it is so. One 
of these is the system of hydraulic high-pressure transmission 
devised by iiord Armstrong. This system is used, and can only 
lie iised advanbigeously, to work a great number of intermittently 
working machines. A single steam engine, working almost 
continuously, pumps water which actuates a great number of 
inlennit.tently working hydraulic motors. Naturally the fluc- 
tuation of demand for power varies a great deal, and storage is 
almost essentially necessary. Perhaps it is to the invention of 
the accumulator, a means of storing the energy of pressure 
H^ "water, that the success of the system of hydraolic transmission 
^Kb cbieBy due. 

^Hk, The hydraulic accumulator is simply a vertical cylinder, with 
^HpbeaWly loadpd plunger, into which the water is pumped till it 
^^HB required, and from which it is discharged by the descent of 
^^nl^ plunger. 

Ijet A be the ai'ea of the plunger in sq. ft. ; i' the total load 
■on it in lbs. Then j> = r/A is the pressure at which the water 
ia delivered in lbs. per sq. ft. If h is the length of stroke of tlie 
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accamulator plunger, in ft., then Ah is the greatest quantity of 
pressure water it will store, and 

p Ah foot lbs. 
is the energy stored when it is fully charged. 

The pressure used in systems of hydraulic transmission is 
generally 750 lbs. per sq. in. Now one of the very large 
accumulators of the London Hydraulic Power Company has the 
following dimensions : diameter of plunger, 20 ins. ; stroke, 2$ 
feet ; at 750 lbs. per sq. in., this accumulator, large as it is, 
stores only 2*4 h.p. hours, a comparatively insignificant quantity. 
The cost of this accumulator, reckoned on the capacity for 
storing energy, must be very large indeed. What makes the 
accumulator so important is that its rate of discharge is very 
great. It would probably supply 100 h.p. for IJ minutes. 
Hence, like the fly-wheel, the use of the accumulator is limited 
by its costliness to meeting fluctuations of demand for energy 
in short periods of time. It cannot be used to average the 
demand and supply during long periods. This must be effected 
by varying the engine power which supplies the energy. Costly, 
like the electric secondary battery, it has an advantage over the 
latter, that the rate of discharge is unlimited. 

If a suitable elevated site can be found, then reservoirs can 
be built of very large capacity at a cost not large per cubic unit 
stored. Let a be the mean surface area of the reservoir, h the 
variation of depth of water in the reservoir, and H the mean 
height of the reservoir water level above the hydraulic motors 
supplied. Then the volume of water in the reservoir when full 
is A A cubic feet. The gross amount of energy stored, not 
allowing for loss in pipes and motors, is 

G AUh foot lbs. 

(a = 62*4, the weight of a cubic foot of water), or — 

AH7t/31,740 h.p. hours. 

At Ziirich, for instance, the storage reservoir contains 353,000 
c. ft., at an elevation of 475 feet above the motors. It therefore 
stores 5,284 h.p. hours. 

At both Geneva and Zurich very remarkable and extensive 
systems for utilising and distributing water power have been 
for some time in successful operation. In both cases the water 
flowing out of a large lake with a comparatively small fall ia 
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jjised to farnisli a ver}' considerable and valuable power. Iii 
b cases it has been found convenient and economical to use 
"the low pressure turbines, in tlie rivers flowing out of the lakes, 
to pump water to a reservoir at a greAt elevation, and to use 
the pumped water for ordinary motor parposes. 

Data may be taken from the Geneva installation, though the 
works in both ca^s are similar, and both have been financially 
successful. 

At Geneva, the Rhone, flowing ont of I^ke Lemnn, has by 
skilful arrangements been made to afford a clear lull varjing 
from 5^ to 12 feet. There liave been erected in Ihe river, 
on this fall, or shortly will be erected, 18 low pressure 
turbines, giving in the aggregat^^ over 6,000 h.p. These 
turbines are used primarily in pumping a supply of potable 
water for Geneva, But. since 1871, there lioe grown up in 
Geneva a system of using water from the town mains for motor 
purposes, anil it is an important secondary function of the low 
pressure turbines in the river to purap water used for motor 
pnrpost's. To begin with, it may be pointed out that the low 
preesuro turbines, together with the building and permanent 
works required to create the fall, are very costly. It is desirable 
that, to reduce tlie permanent charges on the energy furnished, 
they should work as long hours as possible. Further, the total 
power furnished is even now insiifticieut for the work to be done, 
and it is necessary that water power should not flow to waste 
during the night hours. Hut, even for other reasons, it became 
necessary to use storage of energy, before the present exigencies 
arose. In the earlier period of the enterprise, to maintain 
constant pressure in spite of the fluctuation of demand on the 
mains, it was necessary that the turbines should be constantly 
pumping in excess of the demand. The 8ur]>Iu3 was discharged 
through a relief valve, and involved a constant waste. To meet 
fluctuations of pressure, tour large air vessels were constructed 
5 ft. in diameter and 39 ft. high. With these, in conjunction 
1 the relief valors, the working was smooth and snccessful, 

t necessarily wasteful. 

[ When the electric installation was erected at Geneva and 

]f turbines actuated by the pumped water, the necessity 

torage become more evident. At -l kilometres from Geneva 

e was found at an elevation of 390 feet above the lake, where 
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a reservoir could be constructed. The reservoir contains 
453,000 cubic feet, and stores therefore 5,573 gross h.p. hoiir» 
of energy, which can be accumulated and discharged daily. 
Allowing for the loss at the motors driven by the water, 
the effective energy stored may be taken at 4,180 h.p. hours. 
The reservoir is a covered reservoir of expensive construction ; 
but its cost does not exceed 2-4Z. per h.p. hour of energy 
stored. It is a work requiring little maintenance, and it hardly 
adds 3 shillings per annum to the cost of a h.p. supplied. On 
the other hand the energy stored would without it have gone to 
waste, and for this a rental is obtained of 82. per annum. 

There is now in London an admirable system of hydraulic 
power distribution, perfectly adapted to the special purposes 
to which it is applied and mechanically and financially suc- 
cessful. But it is a system of limited applicability. Large as it 
is, the number of renters of power is under 2,000, and the maxi- 
mum pumping capacity of the supply stations at present erected 
is 2,600 effective h.p. 

In the comparatively small town of Geneva, with one 
eightieth of the population of London, there is a system of power 
distribution as large as, and of more varied applicability than, 
the system in London. There were in Geneva three years ago 
137 hydraulic motors aggregating 280 effective h.p. on the low 
pressure mains, and 79 motors aggregating 1,284 h.p. on the 
high pressure mains. The use of the hydraulic power was in- 
creasing at the rate of nearly 200 h.p. per annum. Lastly, the 
power in Geneva is distributed to ordinary consumers at one- 
fifth, and for the electric lighting station at one-twelfth, the 
London price. 

Perhaps it is fair to add that in London there are 2,500 gas 
engines, which represent a considerable aggregate power vir- 
tually supplied from a central station. Nevertheless motive 
power is more generally and more cheaply distributed in Geneva 
than in London. No doubt local conditions have favoured the 
adoption of plans for distributing power in Geneva, but perhaps 
it has not yet been fully recognised in London what an advan- 
tage cheaply distributed power is. When this is better 
recognised means may be found to make motive power more 
available as a purchasable commodity. 




A MOVtKC stream of water has, m the most general case, velocity, 
pnsenre, and elevation, relatively to some level to which it is 
descending. Its total energy per pound istheaumof its velocity 
head, its pressure head, and its elevation bead. If v is the 
velocity in feet per second, ji the pvesaure in pounds per sq. 

^Jt,, h the ele>vation above the level to which it can descend, and 

^■bthe weight per cnbic foot, the total head is — 



- + f. + h feet 



which is numerically equal to the total energy of the fluid per 
pound. Hydraulic motors are generally arranged to utilise one 
or other of these components of the total energy. 

(n) The elevation head may be utilised by allowing the 
water tti descend fram its highest to its lowest level in the 
buckets of a water-wheel. The wheel is driven by the weight 
of the water on the loaded side of the wheel. Gravity water- 
wheels are motors of an antiquated type, which have been almost 

ipletely superseded by othera either more efficient or less 

(b) The pressure head may be utilised by allowing the water 
to descend in a closed pipe at a velocity of 1 to -i feet per 
second and then to drive a piston. The preaanre on the piston 
is that due to the height of the column of water between the 
highest and lowest level, less some frictiunal losses which are 
comparatively insignificant, 

(f) A third way of utilising the energy of water is to allow 
ter to issue in ajet with the kinetic energy due to the 
height of the fall. The jet is deviated by the curved 
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floats of a turbine wheel. The effort driving the wheel is numeri- 
cally equal to the change of momentum per second in the jety 
reckoned in the direction of motion. 

Hydraulic Pressure Engines. — Pressure engines with pistonfi 
driven by water are necessarily slow-moving, and consequently 
are cumbrous and expensive machines, except in the case wher^ 
very great pressures have to be utilised. In two classes of con- 
ditions motors of this kind are used with advantage: (1) ¥01 
working cranes, lifts, &c., where slow and steady motion is neces - 
sary, direct-acting water-pressure cyUnders are safe and con- 
venient; they are so convenient that it is even advantageous td 
obtain pressure water by pumping, in order to work cranes anc^ 
lifts in this way. (2) Small rotative pressure engines are oftetr 
used where' water under moderately high pressure is available 
especially for driving machines used intermittently. Their conve- 
nience in such cases counterbalances the defect of a low average 
efliciency, and they serve also as almost perfect meters of the 
amount of water used. 

The volume of water used in a pressure engine cylinder per 
stroke is constant, whether a small or a great effort has to b^ 
exerted. The engine uses as much water for light loads as for 
heavy loads. Motors of this kind have often an efficiency of 80 
per cent, at full load. But with half load the efliciency would 
be less than 10 per cent. Hence with a varying load they are un- 
economical. Various devices have been tried for obviating this 
defect. For cranes, three pressure cylinders are sometimes pit>- 
vided, which can be used one, two, or all three together, according 
to the weight to be lifted. Lord Armstrong invented an 
arrangement of this kind many years ago, and a similar arrange- 
ment is used in some London warehouses. A three-power 20 
cwt. crane may have cylinders suitable to raise 4, 12 or 20 cwts., 
according as one, two, or all three cylinders are in action. 

In Switzerland, small hydraulic rotative pressure engines, 
made by Schmid of Zurich, have been extensively used in systems 
of hydraulic distribution of power. Fig. 21 shows one of these 
engines. Such engines have one or two oscillating cylinders, 
the movement of which opens and closes the cylinder ports, so 
that no separate valve gear is required. They use the same 
quantity of water per revolution whether the load is light or 
heavy. These motors are cheap and very convenient for small 
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powers, A revolution counter is attached to each motor, and 
the charge for wat«r is based on the counter readings. The 
fricdon of the engine with 100 feet of water pressure is oniy 
5 |»er cent., and the efficiency at full load h 80 per cent., apart 
from frietional losses in the supply pijn". 

The revolving engine of Mr. Arthur Rigg, which ia some- 
times used an a steam ongine, can be equally well used as a 
•'^ter-pressui'e engine. This can be provided with a very in- 
genious arrangement for varying the stroke, so that the (juantitv 
^f Water used can be adjusted to the amount of work to be done. 
^^^e engine may have, therefore, a nearly equal efficiency at full 




*ind light loads. Tlie clt'urance varies with the variation of 
Stroke, but in tlie case of an hydraulic engine this does not 
t the efficiency. From its nearly perfect balance, it can be 
B at high speeds. 

, Fig. 22 ahowa a four-cylinder Rigg Hydraulic Engine, which 
I been working a tramway in North Wales for two years, 
. by a natural head of water, which gives a pressure of 
i Iba, per sq. iu. at the engine. The gunmetal cylinders are 
6J tns. diameter, and 9 ins. stroke. It works at i»l> 
rolutions per minnte with full load, at 110 revolutions with 
r load, and at 130 revolutions drawing an empty waggon. 
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iced in position. The valves are worked by hnjid, and tlie 
•two cylinders and plunger form an hydraalic relay. Lubiication 
is effecteil by an oil pump. 

A small engine of this consfci-action with 2J in. pistons, 
making 000 revolutions per minute, and working with a pressure 
of 7"0 lbs. per sij. in., has been driving a three ton capstan at 
MillwaJI for the last five years. There seems no reason why 
these engines should not work with a high efficiency, but no 
exact experiments on their efficiency have been published. 



t TURBINES 

The turbine is now used in almost all cases, where the use of 
pressure engine is not dictated by the nature of the work to 
be done, or, in the case of aniall inotoi-s ibr high falls, where the 
speed of rotation of a turbine would be inconvenient. In the 
^^doMgn of turbines, theory and practice have been happily united, 
^HbS every application of motors of this kind ought to be to some 
^Hbent n special study. The use of such motors is of peculiar 
^^toportance in connection with the distribution of power. It ia 
where cheap water power utiliseil by means of turbines 13 
available tJaat a system of distributing power can be mtist safely 
undertaken. 

Water ia conveycnl to a turbine, from a pentrough at the top 
of the fall, in which there is usually a strainer to keep out solid 
iies carried by the water, in a closed supply pipe. The 
! consists essentially of a fixed casing and a revolving 
In the fixed casing guide passages are formed, paesin^ 
■ough which the water acquires a definite velocity, and from 
which it is discharged into the wheel at a definite angle witli the 
circumference. The function of the revolving wheel with its 
curved passages is to receive the water wilhout shock, and to 
deviate it gradually, so that it expends its energy in driving the 
wheel, and is di.=charged with only a small fraction of energy 
left into the tail-race. The angular impulse or moment of the 
pressure driv-ing the wheel is eqnaX to the change of moment 
of momentum per second of the water flowing through the 
whoeL Added to the essential elements, the guide passages and 
revolving wheel, there are arrangements for controiling the 
i^asntity of water used, and sometimes for regulating the speed. 
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According to the general direction in which water flows 
through the wheel there are radial (inward olr outward) flow 
turbines, and axial flow turbines. In some turbines the water 
flows partly radially, partly axially, and these may be termed 
mixed flow turbines. No essential difference of action depends 
on the direction of flow. In this respect the choice of a turbine 
depends on considerations of secondary importance, and on 
questions of convenience of construction. 

A much more fundamental difference arises according as 
there is or is not a pressure in the clearance space between the 
guide blades and wheel. In all the older types of turbine, the 
water left the guide passages with part only of its pressure head 
converted into kinetic energy. The velocity at the inlet surface 
of the wheel was that due to a j)art only of the whole fall. 
Such turbines are termed pressure turbines. It is a condition of 
their proper operation that all the wheel passages should remain 
continuously filled with water. If the passages are alternately 
filled and emptied, the required pressure and velocity conditions 
cannot be maintained. Consequently, for a pressure turbine 
to act with full eflSciency, the water must be supplied simul- 
taneously to the whole circumference of the wheel. 

The other fundamental typa of turbine is one in which there 
is no pressure in the clearance space (except of course atmo- 
spheric pressure). The water issues from the guide passages 
with the full velocity due to the whole fall. Such turbines are 
termed action or impulse turbines. In such turbines the water 
is freely deviated by the curved vanes of the wheel, and it is best 
that the wheel passages should not be filled by the water. 
Generally air or ventilating holes are provided to prevent the 
filling of the wheel passages. In such wheels, since each particle 
of water acts independently, it is not necessary that the water 
should be supplied to the whole circumference. Impulse wheels 
have often partial admission. Then the diameter of the wheel 
is determined independently of hydraulic considerations. The 
circumferential speed being fixed with reference to the velocity 
of the water, the diameter may be so chosen as to give any re- 
quired number of rotations per minute. 

Pressure turbines work best when drowned, so that there is 
no lost fall due to the drop from the wheel into the tail-race ; 
or they may be placed anywhere not more than 26 feet above 
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i tail-fftce, tbe lower part of tbe Tall being ntiliaed by suction 
9S, or what Americana call draught tubes. Impulse turbines 
(.■ftonnt be drowned, for then the free deviation of the water on 
the wheel vanes is interfereil with by the tiiil water in the 
wheel, When the tail-water level is variable, pressure turbines 
have an advantage, because the impulse turbine must be placed 
above the highest tail-water level, and some of the fall is 
wasted. 

A compromise may be effected. The turbine may be de- 
sired so that there is no pressure in the clearance space, and 




the wheel passages may have exactly the form of a freely deviated 
Btream, Then the turbine acts normally aa an impulse turbine, 
though the wheel passages are filled. If the wheel becomes 
drowned, it acta aa a pressure turbine with a small pressure in 
the clearance space. Such a turbine is termed a limit tvrlniie. 

kFig. 23 shows the guide passages and wheel vanes of an 
ird flow pressure turbine. The curved dotted strip in the 
«1 is the absolute path of the water in the wheel. The water 
eaters the wheel in a direction making an angle of about 10" 
with the circumference, and is gradually deviated till It leaves 
the wheel radially. 



102 DISTRIBUTION OF POWER 

Fig. 24 allows similarly part of the guide passages and wheel 
. of an axial flow impulse turbine. 




EeguUition of Turbines. — The regulation of turbines for a 
varying load haa presented considerable difficulty. For pressure 
turbines three modes of regula- 
tion have been tried: — (I) By 
means of some form of equili- 
brium sluice in the eupply pipe 
the effective head may be varied 
to suit the work to be done. 
In this mode of regulation the 
power of the turbine is dimin- 
ished, partly by diminishing the 
flow, partly by destroying some 
of the available head. It is 
therefore uneconomical. Gene- 
rally the speed of the turbine 
has to be kept constant. Then 
at light loads the turbine has 
to be run at a speed above that 
most suitable for the balance 
of the head left, after deducting 
the resistance of the sluice, 
f jQ 2G This further diminiBhee the 

efficiency. (2) Part of the 
guide blade passt^s may be cloeed, and the turbine worked 
with partial admission. This is the commoneet mode of regnlt' 
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HYDRAULIC MOTORS 

tion, because it can be effected by simple mechanical means. 
But it is nnecortomical, becanee tlie wheel passages alternately 
come opposite open and closed guide passages. There is 
alternately flow through the wheel passages, and the water in 
them is arrestfid. Large losses due to eddying and imperfect 
action of the water on the wheel vanes are unavoidable. Fig. 25 
shows the efiiciency of a turbine with about as good a i-egulatioa 
of this kind as is possible. The teats were made at Holyoke. 

The numbers marked against each ourve are the fractions of 
the total guide passage area open. It will be seen that the 
efGciency falls off rapidly as the guide passages are closed and 
the wheel acta at 'part ijiile' Further, the speed of greatest 
efficiency gets lower as the sluices are closed. Hence for a 
turbine working at constant speed the efficiency falls off foster 
than if the speed could be varied. 

Thus, if in the case shown in fig. 25 the turbine had con- 
fitantly to mn at a circumferential speed of Q-'}*/2ijYi, the effi- 
ciencies would be as follows : 



. I 1-0 



■10 I -KB 



These may be taken to be good results for a pressure 



■ (3) The only modeof regulation of a pressure turbine free from 
iviouB objections is tlie varying of all the guide passages in 
area simultaneously. Tliat can only be done in certain types of 
turbine. Pig. 23 shows a plan adopted first by the late Pro- 
fessor James Thomson, The guide blades are pivoted near 
their inner ends. By moving all the guide blades together, as 
indicated by the dotted guide blade, the passages are equally 
diminished in area without much altering the direction in which 
ihe water enters the wheel. 

In the case of impulse turbines the regulation is much e-asier, 
and it is for this reason that impulse turbines have been steadily 
superseding pressure turbines where economy of water is im- 
portant. Since the efficiency of impulse turbines is not affected 
by resorting to partial admission, guide blade passages may be 
closed without much reducing the efficiency. 

Professor Zenner made tests of two Girard impulse turbines 
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of 200 h.p. on 12 feet fall, on Prince Bismarck's estate at Varzin. 

The turbine was guaranteed by the makers to give 75 per cent. 

with full sluice and 70 per cent, with half sluice. The results 

of the tests showed the efficiency to be 0*795 with full sluice 

and 0*801 with sluices half closed, the speed being the same in 

both cases. 

Table of Classification of Tubbimss 

7. Impulse lurbines \ II. I^etsure TurHne* 



(Wheel passages not filled.) 

Discharge always above the tail 
water. 

1. With complete admission for 
full load. 

2. With partial admission for i 
full load. i 

Regulation. Usually by closing Regulation, (a) by throttling; (b) 



(Wheel passages filled.) 

Discharge above or below the tail 
water or into a suction pipe. 

Always with complete admission 
for full load. 



part of the guide passages. 



by closing some of the guide passages ; 
(0) by varying the area of the guide 
passages. 



(a) Radial fiow, inward. 
(jB) „ „ outward. 
(7) Axial flow. 
Mixed flow turbines are pressure turbines only. 

The Efficiency of Turbines, — The eflSciency of turbines work- 
ing with full load and designed with a view to the best results 
is generally taken for calculation at 0*75 to 0*80, but many 
turbines of good construction when tested have given at their 
best speed eflSciencies ranging from 0*80 to 0*85. The losses 
vary in different cases, and cannot be precisely assigned by any 
general equation. On the average they have about the following 
values in per cent, of the effective work of the fall : — 

Per cent. 

Shaft friction aud leakage 3 to 5 

Unutilised energy 3 to 7 

Friction and shock in guide and wheel passages . 10 to 15 

Total ^to27 

Choice of Type of Turbine, — The first general condition 
which determines the choice of the type of turbine is the 
variability or constancy of the tail-water level. Since impulse 
turbines will not work drowned, it is necessary to choose a 
pressure turbine or a limit turbine when the tail water level ia 
liable to rise in flood. 
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The next general coiisidsration ia that the regulating appo- 
Tntus of impulse turbines is simpler and more efficient than that 
of pressure turbines. Hence when the water supply is variable 
and scanty the impulse turbine is generally to be preferred. 

TJie third general consideration is that on veiy high falls 
the rotational speed of pressnre turbines is inconveniently great. 
In snch cases a part,! al- ad mission impulse turbine ia preferable, 
because it permits an increase of the wheel diameter and conse- 
quently a decrease of the speed of i"otation. 

When there is an oniple supply of water at all times the 
pressure turbine is generally adopted, unless its speed is too 
It can be constructed more cheaply than an impulse 
irbine. On moderate falls with variable water supply and vary- 
ing tail-water level the limit turbine is better than the pressnre 
turbine, because it has a higher average efficiency. For veiy 
high falls the impulse partial-admission turbine is generally 
best, on account of its low speed of jotatioa and the simplicty 
of its regulating apparatus. 

It is a popular delusion that by some lucky trick or specialty 
uf design a turbine can he made better than that of other 
makers. The principles of turbine-designing are well de- 
termined, and the various patents taken out for turbines involve 
only details of manufacture, and not anything essential to 
efficient working. 

Speed-^overnorK for Tiirliitiet!. — For some time the question 
of automatically regulating the speed of turbines was not of 
great importance. With large low-pressure turbines ou a fairly 
constant fall, hand regulation was suSicient. Some forms of 
turbine are naturally stable in speed. Xow that high falls are 
utilised, aud especially since turbines have been applied to drive 
electrical machinery, automatic regulation has become much 
essential. 

The regulation of the water supply to a turbine is a more 

icult problem than the regulation of the steam supply to an 
Turbine sluices are heavy, and require considerable 

'er to move tbera. In consequence of the momentum of the 

[umn of water in the supply pipe the regulation must be 

gradual. Ordinajy governors are too feeble to act directly ou 

water sluices. A relay nmst be used to work the sluices put in 

action by a governor. 



106 DISTRIBUTION OF POWER 

In the case of Bome turbines a pendulum governor puts in 
action one or other of two clutches which gear the sluices to 
the turbine itaelf. Governing in this way is never satiBfactoiy. 
The action of the relay lage behind the action of the governor. 
Suppose part of the load thrown oiT. The epeed increases and 
the governor engages the clutch which closes the sluices. But 
the action is slow, and a considerable excess of speed is at- 




tained before the closing of the sluice etops the increase of 
speed. The closing must then still contiuDe till the speed begins 
to fall. But when the speed begins to fall the etfoi't of the 
turbine is no longer equal to the resistance of the driven 
machines. The sluice has been closed too much. The reverse 
action then b^ns, the action of the sluice being again too slow 
to check the decrease of speed tUl it has fallen below the normal. 
A periodic fluctoation of speed is so set up. 
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' A fly-wbet-l which absorbs or lestorea part of the work 
noclilies this, and gives the governor relay more time to make 
an adjustment. Messrs. Rieter have used a fluid brake to 
absorb part of the excess work with ii similar object. 

For the impulse turbines in Geneva Messrs, Faesch & 
Piccard have nsed the relay governor shown in fip. 2ti. The 
governor acta directly on the piston valve, A, of a hydraulic relay 
cylinder. In the cylinder is a piston with two unequal faces. 
On the lower and smaller face there is a constant water pressure 
tending to raise the piston if the water in the upper chamber 
ia not locked by the valve. If the governor balls rise the valve 
allows wat«r to flow from the upper chamber, and the piston 
rises. Conversely, if the governor falls the valve admits pressure 
water from the lower chamber to the upper chamber, and, the 
up(>er piston being the larger, the piston descends. The move- 
ment of the ram tends to close whichever |iort has been opened, 
so that unless the governor continues to rise the action on the 
torhine sluices is stopped. In that way the sluices are 
operated aa if they were directly connected to the governor. 
For each position of the governor there is a definitely fixed corre- 
sponding position of the sluice. 

This governor answers perfectly for impulse turbines with 
small sluices, because the whole range of action of the sluice 
can be obtained with a small alteration of height of a sensitive 
governor, corresponding to a small variation of turbine speed. 
Bat thei-e will be a variation of speed correB[>onding to the 
range of governor height necessary to give the required move- 
ment of the sluice, which is virtually attached rigidly to it. 
In some later governors Messrs. Faesch & Piccard have intro- 
duced a correcting adjustment. The movement of the piston 
adjusts the height of the fulcrum B, raising it when the governor 
is rising and lowering it when the governor is falling. The 
range of action of the sluice is then made independent of any 
▼ariation of governor height. 
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CHAPTER VII 
TELODYNAMIC TRANSMISSION 

The origin of the first system by which power was trans- 
mitted to distances which, at least at the time, appeared consider- 
able is interesting.* In 1850 there were at Logelbach, near 
Colmar, in Alsace, some buildings which had formed the 
manufactory of printed calicos of MM. Haussmann. This fac- 
tory, founded in 1772, had been reduced to inaction since 1841 
by the decay of its ancient industry. A plan was sought for 
restarting the factory as a weaving factory. There was only 
one steam engine, and the buildings were scattered at consider- 
able distances. To use shafting for transmitting the power 
would have involved too much expense and loss. It occurred to- 
M. C. F. Him to drive one of the buildings at a distance of 8(> 
yards from the engine by a steel band 2 ins. wide and one 
twenty-fifth of an inch thick, on wooden pulleys 6^ feet in 
diameter and making 120 revolutions per minute. 

The band was not entirely successful. The least wind put 
it in vibration and the pulley guides tore it at the riveted joints 
It worked however for 18 months, transmitting 12 h.p. Then 
an English engineer, Mr. A. Tregoning, suggested the use of & 
wire cable. A wire rope, furnished by Messrs Newall & Co., 
\ inch in diameter was substituted for the band. The same 
pulleys were used with a groove ^ inch deep turned in the rim. 
That cable worked for many years, iron pulleys having been 
substituted for the wooden ones. A second transmission to a. 
distance of 256 yards with a cable ^ inch in diameter on pulleya 
9^ feet in diameter, running at 92^ revolutions, and transmitting 

> Notice 8ur la Transmission Ulodynamuiii€, par C. F. Him ; Colmar, 1862, 
Note iur la Transmistion Ulodynamique invent ie par M, C, F. Him^ par 
M. da Pr6 Brazelles, 1869. Erfahrungtretultate fiber Betrieb und iMUand" 
kaltung dee DrahteeiUreibi ; Ziegler, Winterthur, 1871. 
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50 h.p.,w&s pooa erected. Supporting pulleys were used at the 
half-distance. The author saw this transmiseion still in use in 
the present yenir. 

M. Him has stated that liis chief difficulty was the con- 
struction of the pulleys. It was not til! he tried a pulley having 
a dovetailed groove, filled with gutta percha ns a seating for the 
cable, that lie felt the problem of telotlynaiuic transmission to be 
solved. The durability of the transmission was of the first im- 
portance from the expense and trouble of replacing the rope. 
With these pulleys neither pulley nor cable 8uffei«d txcesaively 

Ha wear. 

I The amount of work transmitted by a cable is proportional 
Kthe product of the effective tension (difference of the tensions 
1 the tight and slack sides) and the speed. To transmit power 
to (jreat distances by manageable cables, the strongest materia! 
must be used for the cables, and they must be run at the highest 
practicable Bpeeil. The cables were at first of iron, now they are 
generally of steel. The largest cables which it appears to be 
practicable to use are at>out one inch ia diameter. In order tliat 
the liending stress may not be excesfiive the pulleys are of large 
diameter, 12 feet to 15 feet usually. For the thi-oat of the pulley 
on which the rope runs gutta percha, soft wooti, and leather have 
been used. At present the bottom of the pulley groove is 
usually formed of strips of wast« leather forced into » dovetailed 
groove. The gi-eatest allowable speed of rope is that at which 
the centrifugal tension of the pulley nms becomes dangerous. 
One hundred feet per second has been adoptetl as the greatest 
practicable speed. The pulleys are placed at niaximuni distances 
of 300 to 500 feet apart. The weight of the i-ope then ensures 
Bufficient adhesion to prevent slipping, when the ropes are 
tightened so that the deflection or sag is not inconvenient. With 

«ie limitations, a 1 inch rope will transmit about 3tJ0 h.p. 
Soon after the ei^ection of tie transmissions at Ijogelbach 
Henri Schlumberger transmitted the power of a turbine 8G 
Isto work agricultural machinery. In 1857, at Copenhagen, 
Captain Jagd transmitted 45 h.p, to faw-mills at a distance of 
more liian 1,000 yards. In 1858, at Cornimont, in the Vosgee, 
&0 h.p, was transmitted 1,251 yards, lo 1H59, at Oberursel, 
100 h.p. was transmitted 1,070 yards; and iit Emmendingeu 
60 h.p. was transmitted l,!Jli! yards. 
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Id 1862 Him stated tbat abont 400 applications of the 
telodynamic Byatem bad beea conatrncted by Messrs. Stein It 
Co., of MulEoase, carrying an aggregate of 4,200 h.p. over dis- 
tances amounting altogether to 80,000 yards. Some later 
transmissions have been constnicted by Messrs. Eacher Wyss, of 
Zurich, and by Messrs Rieter Brothers, of Winterthnr. Him 
wrote in 1862, with pardonable exultation, t]iat<jasqD'& present 
la force motrice 4tait localis^e, d^sormais elle sera inobiliB6e.' 

Oen^alDescriptuni of lite Si/stem of Iransmimon bi/ Wire Eo[ie 
Cable. — The cables used are stranded ropes having 6 to 12 wires 
in each strand and 6 to 10 strands in each rope (fig, 27). The 
strands are twisted on a hemp core, and usually there is a hemp 
core to each strand. The hemp makes the ropes flexible. At 
first Swedish charcoal iron was used, now the ropes are more 
commonly of steel. They are protected from oxidation by a 




coating of boiled oil. It is necessary to keep a spare rope in 
reserve in case of accident. 

The ratio of the tensions in the tight and slack sides is about 
2 to 1. In passing round the pulleys the rope is bent, and the 
bending stress is added to the longitudinal stress. In order 
that the bending stress may not be excessive large pulleys must 
be used. Their diameter is so chosen that the bending stress 
and longitudinal stress are about equal. As the tension in the 
slock side is less than that in the tight side, greater bending 
stress may be permitted, and consequently supporting pulleys for 
the slack side may be smaller than the driviug pulleys. 

When first erected the rope stretches a good deal from the 
tension compressing the hemp cores and diminishing the twist 
of the rope. The rope must then be re-spliced, which is trouble- 
some and costly. To diminish this difficulty Messrs. Rieter 
Brothers pass the rope before use between grooved rollers, which 



; it larerally. This coiieotidat^ the rope. In 10 to 

15 pafisa^ira through the rollers it stretches &om I to 1 jvr 

csnt. in length, and it diminishes in diameter about (J per cent. 

The Toilowing table gives data of some of the most extensive 

^le tmnsmiraions : — 
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Tlie total di^AancG of tiansmission at Freiberg U 6,G0O feet. 

E Supportiiuj Piers. — The piers supporting the pulleys are ex- 
isive, and each pulley over which the rope passes is itself a 
'ear and frictional loss of jxiwer. It ia desirable, 
refore, that the spans of the cable should be as large ae 
pans of yOO to oOQ feet have been commonly 
Adopted. For such spans the deflection of the i-ope is con- 
siderable, and must be provided for by giving sufficient height 
L the piers. The deflection of the slack side of the rope is 
Ht, and hence commonly the s'ack side is placed above 
Itight side. 

» Arraittjemfiit of Spaiis. — Fig. 28 (il, shows a single span 
with the deflections of the tight and slack sides of the rope. 
At (u) is shown a single span, with one supporting pulley for 
the slack -side of the rope. For greater distances of transmission 
a single rope may still be used as at On), with supporting pulleys 
for both tight and slack sides of the rope. M. Ziegler, the 
rngineer nf Messrs. Rieter Brothers, iirst constructed a trana- 
misiuon with a series of independent spans, tig. 2S (iv). Then 
the intermediate pulleys are two-grooved. Professor Reuleaux, 
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of Berlin, has proposed the arrangement shown in fig. 28 (v) 
to reduce the height of the supporting piers. The spans of the 
tight side are twice as long as those of the slack side, so that 
the deflections are nearly equal, and the supporting pulleys for 
the tight side are twice the diameter of those for the slack side, 
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Fig. 28. 

€0 that the total longitudinal and bending stress is about equal 
also. 

To give the rope a good frictional hold on the pulley, and to 
increase its durability, the pulley grooves are bottomed with 
some softer material than iron. Fig. 29 shows a section of 



single and duable grooved pulley rims, witlt the leather strips 
in a dovetailed groove, which are now generally used. The 
palleys are of east iron, or of cast iron with wrotight-iroii arms. 
As the principal loss of work in transmission is due to the 
weight of the pulleys and rope resting on the journals, the 





pulleys should be made as light as possible. The leather 
packing in the grooves requires renewal every three or four 
months, and this involves a not inconsiderable cost in main- 
tenance. 

The pulley stations must be substantially constructed. 
They are sometimes of timber, sometimes of iron or masonry. 
Stations at which the direction of the transmission changes are 
called change stations. The change of direction has been 



I 




generally effected by hevil gearing. Fig. al shows one of the 

masonry pulley stations of the Bellegarde transmission. Fig, 

30 is a change station with bevil gearing. Reuleaux proposes 

hotmnge the direction of the ropes by guide pulleys, as shown 

:. 32. 



114 DISTRIBUTION OF POWER 

Efficiency of Cable Transniwsion. — The two principal sources 
of waste of work in cable transtniBsioD are the friction of the 
jonmals sapporting the 
pnlleya, and the resists 
ance to bending of the 
rope at the points where 
it comes on and off the 
pullers. Ziegler made 
experiments at Oberureel 
on a transmiasion of 
seven spans transmitting 
104 h.p. The total loss 
of work at eight stations 
was 13i h.p,, or, say, 
1*7 h.p^ at each station. 
When transmitting full 
power, the efficiency of 
the system is remark- 
ably high. Probably for 
moderate distances the 
efficiency is greater than 
for any other mode of 
transmission, except 

electrical tranamission. 
But the waste of work 
is the same for all loads 
transmitted, bo that 
when working at less 
than full power the effi- 
ciency falls off. If from 
Ziegler's experimente 
the efficiency for a single 
span (two pulley stations) 
is taken at 0967, then 
for a transmission of ffi 
intermediate and two 
terminal stations theeS' 
ciency, working with fiill 
load, is — »t? 

n = 0-967 * 




At half load, Inwever, the loss of work for one span would 
Ix- Uie EAine ab for full load, so that the efGciency of one span 
would bp only 0' 934. Consequently the efficiency for several 
spane wonid be as follows : — 



Niioiber nf spans 
Number of poUej •tnlion* 
; Efficiency . , . . 
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TVie Ohmtinel Trantmutsloji. — Not long after the invention 
of Him's system of wire-rope transmission, and its application 
At Lo^elbach, an opportnnity occurred for trying it on a more 
pnnsiileralile scale. A cotton mill bad been built at Oberorsel. 
near Frankfort, to utilise the water power of Ureelbach. Two 
tangential wlieels were erect-ed on a fall of 165 feet. Their 
lotal power varied from 64 to 150 h.p., according to the con- 
dition of the stream. In 1860 more power waa reqnired. A 
full of 261 feet was found above the mill, but at a distance such 
that it could not have been made available by ordinary means 
«f transmission. On this fall two tangential wheels were 
erected, each yielding from 40 to 104 h.p., according to the 
condition of the stream. The water from the upper turbines 
afterwards drives the lower turbines. From the upper turbines 
the power is transmitted by wire-rope cable a distance of 3,160 
feet, in seven spans of about 400 feet. 

Iveatber lining was first adopted for the pulleys of this trans- 
mission. The ptilleysare 12J feet in diameter, and make 1144 
turns per minute, the rope having a speed of 73 feet per second. 
The pulleys on intermediate stations are double -grooved, and 
there is a separate rope to each span. The cables are S '"ch in 
diameter, having 6 strands of 6 wires 006 inch in diameter. 
The tensions at full load are about 11,100 lbs. per sq. in. due 
to bending, and 1 4,200 lbs. per sq. in. due to longitudinal tension, 
^ or 2u,lJO0 lbs. per sq. in. altogether. The inclination of the spans 
iasea this tension a little. The installation was designed by 
IZiegler, and carried out by Messrs. Rieter Brothers, of 
ptertliur. 
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The Ochta Transmission. — In 1864, after a serious explosion, 
the gunpowder factory at Ochta near St. Petersburg was rebuilt, 
and wire-rope transmission was adopted in order to secure the 
condition that the buildings should be at a safe distance from 
each other. The motive power of the new factory was supplied 
by two turbines of 140 h.p. each, and a similar turbine in 
reserve. The buildings were erected in three lines, one through 
the principal axis of the turbine-house, another parallel to this 
at a distance of 420 feet, and a third at right angles to it, and 
passing through the shorter axis of the turbine-house. 

In each line the buildings nearest the turbine-house were 
330 feet from it. In the first line there were eight buildings^ 
requiring 100 h.p., and the buildings were 164 feet apart centre 
to centre. The second line contained twelve buildings placed 
230 to 330 feet apart, and requiring 80 h.p. The third line 
contained three buildings, requiring 24 h.p. and placed about 
300 feet apart. There were therefore twenty-three buildings 
widely scattered to be supplied with power. The greatest 
lengths of transmission were 1,300, 2,300, and 2,600 feet. The 
power was transmitted by wire-rope cables, the work being 
carried out by M. Stein, of Mtilhausen. 

The Schaffhaus&ii Transmission. — ^A still more considerable 
application of telodynamic transmission, which attracted gene- 
ral attention, was made soon after at Schafiliausen.^ After a 
period of trade depression there was a revival of industry at 
Schaflfhausen between 1840 and 1850. In the year 1850, Herr 
Heinrich Moser, of Charlottenfels, constructed a canal and 
erected the first turbine at SchaflFhausen* It then occurred 
to him that it might be possible to render useful the immense 
volume of water passing down the rapids of the Rhine in front 
of the town. An extraordinary low condition of the river, in 
the winter of 1857-8, favoured an examination of the bed of the 
river, and a Commission was appointed to mature a project. 
This Commission suggested the formation of a weir across the 
river ; the construction of a water-power station in the bed of 
the river near the left bank, where the conditions were suitable 

* Turhineanla/fd und SeiltransmUs'wn der WatsermerhgeieUsehaft in Schaff- 

hauseriy von J. H. Erouauer; Winterthur, 1870. Die WastertearkgeseUiokaft 

in Sckaffhausen ; SchafiQiauseD, 1889. Funfundzwanzigster Jahresberiekt det 

VervoaUungtratheB der Wasserwerhgesellsohaft in Sohaffhaiuen, 1889 ; Schaff- 

Jiaosen, 1890. 
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for excavation; the erection oftnrbines of 500 h.p. un a fall 

iif 12 to 15 feet; and the tratiamiasion of the power ncross 

the river to the factories 

by the then new system of 

telodynamic tninsmissiou. 

The cost was estimated at 

20,000/. 

II Fig. 33 shows the gene- 
H arrangement of tlie works 
■ Scbafffaausen, with the 
old turbine-house for the 
cable transmission and the 
new power house for electric 
transmission, which will be 
described later. 

A company was formed 
in 18(34 to carry out the 
works. A weir was oon- 

atmcted during favourable j^i \ !] g 

seasons in 1 861-0, across the 
rocky bed of the river, which "■ -~~j t-i i 

is about iOO feet wide, llie ' '■'Eli ^ 

fall immediately at the weir g-j/ .' I) 

is not great, but there are n^'j ' I 

rapids below it, By placing 
the turbine- ho use in the 
river-bed near the weir and 
constructing a tuuuel t.ail- 
racp (i20 feet in length, a fall 
was obtained which varies 
from lo-6 to 137 feet. The 
turbine-house contains three 

axini flow pressure turbines ■ i fFp { y s 

with vertical shafts of 200, i \ ta! ) C | 

260, and 300 h.p.,or 7(!0 b.p. 
altflgetlier. They gear with 
a common horizontjil shaft 

by means of bevil wheels. Any turbine can be put out of gear 
by lowering the bevil wheel on the vertical shaft. 

Fig. 34 shows a section of the turbine-hoose, with the head 
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gates, the gearing, and the pulleys of the principal cable trans- 
mission. 

About 150 h.p. is transmitted from one of the turbines to a 
factory on the hill above the turbine-house, by a steel shaft 550 
feet in length. From the same shaft also about 22 h.p. is trans- 
mitted, by a small cable passing down the left bank of the river 
and then crossing it, to a pulp factory on the right bank. This 
leaves a maximum of about 570 h.p. to be dealt with by the 
main cable transmission, which crosses the river directly from 
the turbine-house, and then passes along the right bank to the 
factories, as shown in fig. 33. 

As to the turbines, there is nothing of special interest except 
that they are constructed with a partition dividing them into 
two rings of buckets. During low conditions of the river, 
when there is a good fall, the outer ring of buckets only is 
used. When the fall is smaller both rings are used. This 
compensates a little for the variation of normal or most eco- 
nomical speed of periphery with variation of fall. The turbines 
make 34*28 revolutions per minute. The turbine regulating 
sluices are under the control of a relay governor. An auxiliary 
6 h.p. turbine works the main sluices of the inlet chamber. 
There is a friction brake on the main shaft of the turbines, 
which is thrown into action by the governor if the speed 
exceeds a certain limit. Then, if a rope breaks, the friction 
brake comes into action and stops the turbines. Connected 
with the brake is an apparatus for determining the power 
transmitted by the ropes ; but the author has not been able to 
leani whether this is satisfactorily used. 

It has been seen that the turbines drive by bevil wheels a 
horizontal shaft, each turbine being capable of being disconnected 
by putting its bevil pinion out of gear. The horizontal shaft 
makes 80 revolutions per minute, and carries at its driving end 
two principal rope pulleys of 14*75 feet in diameter, as shown in 
fig. 34. From these pulleys two cables cross the river in a single 
span of 385 feet to a pulley station in the river at the left bank, 
where the direction of the transmission is changed by bevil gear- 
ing, and thence the transmission passes up the left bank of the 
river. The two principal rope-driving pulleys are not keyed 
on the horizontal driving-shaft, but run loose on it. Between 
them is a strong cross-head keyed on the shaft, carrying bevil 
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wheels on etud^, wliich genr iiitobevil wheels fixed to thedriviug 
pulleys. If the lension in the two driving cables ie the same, 
the bevil georiQg would have no action. Bat if Ihere is any 
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e of tension the bevil wbeela permit one driving pulley 
to rotate faster than tlie other. 8o that equality of tension in the 
B is re-*atablishi^. Tliia differenlial gear has not bo far as 
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the author is aware been elsewhere adopted. Provision is made 
for keying either driving pulley on the shaft in the event of 
one rope breaking and the power having to be transmitted 
through the other rope. The differential gear is then out of 
action. 

The gross power in the horizontal driving shaft in the 
turbine-house is about 530 h.p.,or, allowing for friction, say 500 
effective h.p., to be transmitted to the factories, or 250 h.p. for 
each rope. Either rope is capable of transmitting at any rate 
a large fraction of the whole power temporarily, if the other 
rope is broken. 

This power is delivered by the ropes at the change station 
on the left bank. At that station about 22 h.p. is taken off 
by prolonging the second shaft of the bevil gearing and a sub- 
sidiary rope transmission. The remaining 478 h.p. is trans- 
mitted along the left bank to the first intermediate pulley station 
at a distance of 370 feet by a pair of cables. Thence to the 
second intermediate station, distant 345 feet, by another pair of 
cables. At 455 feet further is a second change station, at which 
the direction is again changed by gearing. Thence the ropes 
pass to two other intermediate stations. 

From the second intermediate station an underground shaft 
carries about 27 h.p. to ten small workshops, and from the 
second change station, and the third and fourth intermediate 
stations, cables are carried back across the river to factories on 
the right bank. From the first shaft at the second change 
station about 110 h.p. are distributed, partly by a special rope 
gear, partly by vertical and underground shafting, to four 
factories, one of which is the large Mosersche Gebaude ; and 
from the second shaft of this station a steel shaft transmits 
200 h.p. to SchoUer's wool factory. 

Between the turbine-house and the second change station 
the cables consist of 80 wires, 0-042 inch in diameter, in 8 
strands of 10 wires each, with a hemp core. Diameter of rope, 
108 inch. Speed of rope, 62 feet per second. Smaller ropes 
are used in other parts of the transmission. The distribution 
has been described rather fully, because it is essential to learn 
how far wire-rope transmission can be adapted to complex con- 
ditions where many consumers require power. 

It would appear that the rather complex arrangement of 



differential gpar and double cables was intended origiimlty to 
mwt tlie case of having to drive by a single cable, while the 
other was broken or under repair, It appears that under 
present conditioiis one cable would not be strong enough to 
tJBnsmit the whole power which is utilised. On the other hand, 
experience has shown that there is no necessity to dnplicate the 
cable to avoid accideutal stoppages, The total length of 
principal ti-ansmisaion is about 2,000 feel. 

The Schaffhausen installation has been an entirely successfiil 
iindert.iiltiiig, and has very greatly benefited the industries of 
lliB town. Some particulars of the extent to which the power 
has been utilised may be interesting : — 
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The charge for power, in 1S87, varied from il. I6s. to Gl. per 
h.p. per annum. 

The total cost of the works appears to have been reckoned at 
29,3601. originally, and this by writing olf stood at 2l,G64l. in 
1887. 

Aa to the working of the system, it appears that experience 
has proved that there is a greater loss of power in trananiission 
in wet and fWjsIy weather than was originally ejtpected, "When 
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the maximum power is being used there are oscillations of the 
ropes which drive the machines at irregular speed. The 
spinning factory suffered most from this, and ceased to take 
power. This has led to the construction of a new power station 
and the adoption in the new works of electrical instead of wire- 
rope transmission. 

In some excellent lectures which were delivered at the 
Society of Arts, in 1891, by Mr. Gisbert Kapp, the method of 
transmission by wire rope is compared with the method of trans- 
mission electrically, very much to the disadvantage of the 
former. ' Till recently,' said Mr. Kapp, ' rope transmission held 
the field absolutely, not because it was perfect, but because 
there was nothing better. Now, however, we have something 
better in electrical distribution, and the flying ropes are being 
steadily replaced by the electric conductors.' The use of the 
words * steadily replaced ' conveys a wrong impression. The 
wire ropes have not been replaced at Schaflfhausen by electric 
cables, but an additional power station has been erected, 
and an electric transmission has been placed beside the rope 
transmission. It happened accidentally that, at a visit of the 
author to Schafifhausen about a year and a half since, the rope 
transmission was working while the electric transmission was 
stopped, having been temporarily disabled by a lightning 
accident. It seemed desirable to ascertain from Messrs. Rieter 
what view they took of the prospects of wire-rope transmission, 
looking to the fact that they had the opportunity of knowing 
the results of the working of rope and electric transmission side 
by side. They were good enough to send answers to some 
inquiries. They say that at Schaffhausen the rope plant is ex- 
pected to do more work than was originally provided for or iu- 
tended. Also, it was the first large installation of the kind, and 
had some defects which experience has shown can be remedied. 
Electric transmission, they say, has also been found to have 
some inconveniences. They, however, do not think that electric 
transmission will compete seriously with rope transmission for 
moderate distances, such as that at Schaffhausen, as I understand 
them. On the other hand, for long distances they admit that 
electric transmission has the advantage. 

Cable Transmission at Fribourg, Switzerlamd. — In 1870 a 
company was formed, partly to acquire and work the forest 
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owoecl by the town of Fribourg, partly to tarry out a sclienip of 
water BiipjJy, anil partly to utilise and sell water power. This 
was a Bclieine in advance of any previous one, because the com- 
pany aefjuired laud, which they propoaed to lease to industrial 
tindertaking^i, including in the lease a right to a supply of 
motive power from tlie water-power station of ilie company. 

The Sarine, an affluent of the Aar. flows in a deep cut 
channel near the town. A masonry and concrete datn, about 
40 feet ill height, was built aerr'sa the river, so as to form a 
considerable storage reservoir in the river-bed above the dam. 
The tnrbine-honse was built near the end of the dam on the 
right bank. The ravine through which the river flows is not 
soilable for sites for factories. The company therefore ac- 
quired tome level laud about. 3U0 feet above the river, adjoining 
B railway and otherwise well adapfed for industrial eslabllsh- 
meots. It was intended to work factories built on this land by 
power transmitl^^d from the turbines by wire ropes. 

With the minimum tlow of the Sarine, and an effective fall 
of 35 feet, 1,700 h.p, could be obtained. Provision was made 
ibr two turbine-houses containing 8 turbines of iJOO h.p. each. 
Only two torbines have actually been constructed, one driving 
pompiiig machinery for water supply, the other driving n cable 
tranemiBsiou. The turbines are Guard turbines, running at 
7-t^ revolutions per minute. The turbine for transmission 
drives a horizontal shaft at 81 revolutions per minute by bevil 
wheels. This carries a lo-font pulley with single gro<ive. driving 
the cable by which power is transmitted to the plain of Perolles. 
The principal rope transmission consists of five equal sjians of 
500 fei't each. The total distance to the saw-mill at which 
power is first taken is 2,-50U feet, and the difference of elevation 
K 268 feet. The rope pulleys are all l-'j feet in diameter, and 
the rope is 1 -08 inch in diameter. The rope consists of !)0 
wires 072 inch in diameter, in ten strands of nine wires with 
liemp cores, The speed of the rope is 62 feet per second. Al 

K saw-mill a subsidiary transmission works a rope tramway 
oe for carrying timber, which uses oO h.p. This husacable 
;li in diameter. From the shafting of the saw-mill another 
idiary rope IraneniUston takes 120 h.p. tn railway carnage 
works at a distance of [)iiO feet. From the carriage works then? 
u a farther transmission of (JU h.p. by a { inch rope a distance 
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of 1,600 feet, and thence by ropes | inch in diameter to a 
foundry and chemical factory. The power is sold at the rate of 
81, per h.p. per annum. 

Cable Transmission at Bellegarde. — In 1872 a company was 
formed to utilize the water power of the Rhone at Bellegarde, 
not very far from Geneva. Phosphatic deposits occur near this 
point, and power was required in quarrying and grinding these 
minerals. It was expected also that other industries would be 
attracted to a site where power could be obtained. The Rhone 
flows between Fort de TEcluse and Seyssel in a winding gorge 
so narrow and deep at one part that in low water the river dis- 
appears. This part is termed the Perte du Rhdne. A site for 
a power station was found almost in the bed of the Val serine 
near its junction with the Rhone. A tunnel was constructed 
from a point above the Perte du Rhone to the Valserine, calcu- 
lated to discharge 2,120 c. ft. per second, with a mean fall of 
36 feet. This would give nearly 7,000 h.p., but a part only has 
been utilised, and the works have not been financially as success- 
ful as was expected. 

Five Jonval pressure turbines of 630 h.p. each have been 
erected. The power is transmitted upwards from the gorge to 
the plain of Bellegarde by wire cables, and is distributed to 
several works. There are phosphate works, a wood pulp factory 
and paper mill, a copper refinery and a pumping station. The 
power is sold at 8Z. to \2l, per h.p. per annum. 

The horizontal shafts driven by the turbines carry each two 
pulleys, 18 feet in diameter. The cables are 1-28 inch in 
diameter, consisting each of 72 wires, 0088 inch in diameter, 
with a hemp core. The rope speed is 65 ft. per sec. The greatest 
spajji at Bellegarde is 630 feet. 

The Cable TraTis^nission at Gokaky in India, — A large telo- 
dynamic transmission has been recently erected at Gokak, in 
the Southern Mahratta country in India. This installation has 
been carried out by Messrs. Escher Wyss, of Ziirich.* 

A river falling over a high cliff has motive power enough 
for many industries. At present three turbines of 250 h.p. each 
(750 h.p. altogether) have been erected to drive a cotton mill 
of 20,000 spindles. The water, taken at 2,300 feet above the 
fall, is led by a channel to the edge of the cliff, and thence 

' Engineering, Jane 8, 1888. 



I n 32-incb wrought-ironpipL-. The pipe desceods about 110 
^t vertically on. the face of the cliff, rind then is inclined at 




,bout 3U° to the horizontal, lu the turbine-house the three 
orbiiKs are supplied hy three 21-inch branch pipes. The total 
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It is also an inherent cbaracteristic of the cable system that 
the efficiency decreases rapidly when the distance increases 
heyond certain moderate limits. On the most favoarable inter- 
pretation of the experiments the efficiency may be "96 for 100 
yards, or '93 for 500 yards : efficiencies remarkabiy high. Bat 
the efficiency falls to 060 for 5,000 yards : am efficiency by no 
means remarkably good. 



fcer a similar fttnoiint of power could be distributed to an 

1 number of conauraers electrically witJi as little waste of 
'energy in the proceea, 

(S) The telodynamic transmissions whict have been at 
work, some of them aince 1804, have actaally worked con- 
tinnonsly without aerious stop])age, and have only failed to 
rrturn au adequate profit where they were undertaken on a scale 
too largs for the amount of industry requiring to be supplied 
with power in the locality. 

(4) Where, aa at Bellegarde and Fribourg, the power station 
is loO or more feet below th? factories driven, the telodynamic 
system has an advantage over some systems, such as the hydraulic 
ByBt«m, in that there is no loss of efficiency due to difference of 
level. 

On the other hand, it may be admitted tJiat telodjniamic 
transmissions, simple as they are mechanically, involve consider- 
able cost. The pulley piers require to be lofty and strongly 
built. The maslTnum length of span hitherto accomplished is 
(j30 feet, at Belle^farde. Experience has also shown that the 
cost of maintenance is considerable. The cables must be re- 
placed annually, and experienced workmen are necessary to make 
the long splices in the ropes. 

One distinct disadvantage of the telodynamic system is that 
no means has been found of directly measuring, by numerous or 
continuous observations, the amount of power delivered to each 
consumer. So long as the power is distributed to very few 
consumers it is possible to assess with practical fairness the 
charge to each without snch measurements of the power. But 
in proportion as the consumers are more numerous, the defect 
of the Bj'stfim in this respect becomes more serious. 

It is in some cases at any i-ate a defect of the cable system 
tliat the amount of power which it is practically possible to 
transmit by a single cable is limited. It is not possible by 
increasing the size of the cable to transmit an indefinitely large 
amount of power. The cables become too heavj- to be manage- 
able, and the )>ut!eys too large in diameter. lu the report of the 
experta advising the town of Geneva in 1889 the limit for one 
"p was placed at 100 h.p. Messrs. Rieter Brothers place it 
) h.p., and th,it anionnt has in fact been transmitted ; no 
K the proper limit varies in different cases. 
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It is also an inherent characteristic of the cable system that 
the efficiency decreases rapidly when the distance increases 
beyond certain moderate limits. On the most favourable inter- 
pretation of the experiments the efficiency may be '96 for 100 
yards, or -93 for 500 yards : efficiencies remarkably high. But 
the efficiency fells to 0*60 for 5,000 yards : an efficiency by no 
means remarkably good. 






CHAPTER Vm 
IIYDBAULIC TRAxamssioy 

TUE distribution of power by pressure water was perhaps first 
Biig}j;este<t by Bramah, but the origination of a complete system 
of this kind is due to Lord Armstrong, Although the develop- 
ment of the system ha^ been very gradual, and in spite of the 
fiict that the earliest hydraulic transmissions were of a very 
limited and local character, it appeare tJiat Lord Armstrnng 
from tlie first contemplated a distribution of power by means of 
pressnre water, in town areas, to many consumers. The supply 
of motive-power water may be combined with the supply of 
water to towns for other purposes, the motors being driven by 
pressure water from the ordinary town mains. It was to such 
a aystera that Lord Armstrong first directed attention, and it has 
the atlroctive feature that no special network of mains is re- 
quired for the power water. On the other hand, the pressure is 
limited to that suitable for ordinaiy town water supply, and 
.therefore cannot generally exceed 151) to 200 feet of head. 
rience has shown that it is better in many cases to have a 
in] system of mains for the supply of power water, and that 
is convenient and economical in that case to use a much 
higher pressure than would be suitable for ordinary town mains, 
Tlie Biiiail mains required for a power distribution can be made 
to carry safely a pressure impossible in the large mains of an 
ordinary t«wn supply. For a long time the systems of hydraulic 
distribution which were constructed were of a local and limited 
character, and were high pressure systanas of this kind. Only 
in n few towns, pressure water for a small nuniber of motors was 
obtained from the ordinary mains. In these exceptional cases, 
the price charged for the water was generally so great that it 
lid have been preferable to use steam or gas engines. 
Rererttng to high pressure systems, it was soon discovered 
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that hydraulic transmission had great advantages for driving 
lifts, cranes, capstans, dock gates, and similar machines which 
work only for short periods and intermittently. For this 
particular purpose, it is convenient to use exceptionally high 
pressure, with small mains and comparatively small motor 
cylinders. Such high pressure hydraulic transmissions were 
first erected in connection with docks and arsenals. It was 
only after many years that similar systems came to be applied 
for power supply over extensive town districts. The conditions 
nnder which high pressure systems first achieved success gave 
them a special character which imposes definite limitations on 
their application. The high pressure system is almost ex- 
clusively an English system, and almost exclusively suitable for 
working intermittent machines. For ordinary power purposes 
it is less well adapted. Comparatively recently systems of 
hydraulic transmission at more moderate pressure have been 
carried out, which are better suited to distribute power for 
ordinary industrial purposes. 

In driving cranes and other intermittently working machines, 
the fluctuation in the demand on the mains for pressure water 
is very great. Hence, in developing his system, Lord Armstrong 
was led very soon to consider the question of the storage of 
energy. Reservoir storage for systems in which the pressure is 
very great is not generally possible, because no site sufficiently 
elevated can be found for the reservoir. Air vessels were con- 
sidered, but the amount of energy which can be stored in that 
way is not very great, and there are practical difficulties. Tlie 
pressure in the air vessel varies with the quantity of water in 
store, and an air pump must be used to replace the air, which is 
absorbed quickly at high pressures, and to maintain the air 
cushion. The invention of the hydraulic accumulator met the 
difficulty. The accumulator perfectly answers the purpose of 
storing such a supply of water under pressure, as is required to 
meet the momentary fluctuations of demand on pumping 
machinery, which is driving intermittently used motors. 

In an article in the ' Mechanic's Magazine,' in 1840,* very 

interesting now if its date is considered. Lord Armstrong 

pointed out that when water is lifted by a pumping engine, it 

becomes the recipient of the energy expended in raising it. If 

^ See the Proe, Inst, of Civil Engineeri^ voL 1. p. 66. 
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jame vrater is nseil to actuate motors, It readers back tlie 
' conferred on it. in its descent to its original level, and 
iiius becomes a medium through which the power of the pump- 
ing engine niay be transmitted to a distance, and distributed in 
large or ainall quantities as re<iaired. Lord Armstrong showed 
that a continuously working steam pumping engine of com- 
pATBtively email size was capable of doing a large amount of 
distributed intermittent work, and he argued that this would be 
more economical than the employment of a number of steam 
motors to drive eacJi separate machine. 

Soon after this Lord Armstrong invented an hydraulic crane 
of a type used ever since. The pressure wat-er act«d on a piston, 
the motion of which was mnlttpiied by reduplicating a chain 
over pulleys. In 1815, n crane worked by pressure wafer from 
the toivn mains was erected in Newcastle, and in 1848 similar 
cranes were used by the North Eastern Railway at their Goods 
Station in Newcastle. In 1851, hydraulic transmission was 
adopted for driving cranes and working dock gates at Great 
Grimaby, at New Holland on the Humber, and by Brunei on 
the Great Western Hallway. 

}{i(lh and Low Pi-t-gmrd Systems. — Systems of hydranlic 
transmission are of two distinct types. (1) There are syatems, 
which for convenience may be termed tow pressure Ki/st^nf, with 
reservoir storage. In these the working pressure is fixed by 
local conditions, especially by conditions determining the site for 
the reservoir. Generally the pressure is not more than 400 to 
600 feet. It is the reservoir storage in these systems which 
more than anything else makes them suitable for the supply of 
power for all ordinary industrial purposes, for driving factories 
or electric light stations, for instance, involving a large con- 
|. tinaous demand for power, extending over considerable periods 
(2) There are system?, which for convenience may be 
1 kiffh fiirssure m/nlemf, witli accumulator storage. The 
systems is usually 700 to 800 lbs. per sq. in,, 
TtjGOO to 1,800 feet of head. These syatems, in which the 
reserve of energy is limited in amount, arc most suitable for 
jtHKicking cran»9, lifts, hydraulic presses, and similar intormit- 
rorkiug machines. 
itiwuiU uf Energy Iraii^milted in Pijyat by Pressure W'Urtr. — - 
etocity of water in very long pipes cannot be made great 
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without excessive frictional loss or without incurring danger 
from hydraulic shock. A velocity of 3 feet per second is very 
commonly permitted, and perhaps this might be doubled with- 
out excessive loss or risk. 

Let D be the internal diameter of the pipe in inches ; p the 
working pressure in lbs. per square inch ; H the head, in feet, 
due to the pressure, so that p = 433 H ; v the velocity in feet 
per second. Then the gross work transmitted is 



TT 



u = ^ D^pv foot lbs. per second 

= 0*34 D* H V foot lbs. per second 

or in horses-power 

h p. = -001428 D^pv 

= -000618D2Hr. 



Gboss H.P. Tbansmittbd by Diffbbent Mains 



Low Pressure System 
Head, 500 /f. 


High Pressure Systam 
Pressure^ 760 lbs. per *q. in 


Diameter of main 
in ins. 


Gross h.p. 
transmitted 


Diameter of main 
in ins. 


Groah.p. 
transmittied 


9 
12 
18 
24 


75 
133 ' 
300 ' 
533 


3 

6 

9 

12 


29 
116 
260 
463 



• This table is for a velocity of 3 feet per second — the velocity 
which has been ordinarily permitted. At 6 feet per second the 
power transmitted would be doubled. The effective power 
realised in fully loaded motors will be about three-quarters of 
the amount given in the table. 

At 3 feet per second and with a pressure of 500 feet, as at 
Zurich, a 12-inch main would transmit 133 h.p. and a 24- 
inch main 533 h.p. Mains of this size can be used with such 
a pressure. With the high pressure of 750 lbs. per square 
inch, and at the same velocity as in the case of the London 
Hydraulic Power System, a 6-inch main transmits 116 h.p., and 
a 12-inch main, if it could be safely used, would transmit 
463 h.p. The horse-power is gross horse-power, without allow- 
ing for loss in the motors.^ 

* The largest main hitherto used on a high preesore system is 7^ in. intenuil 
diameter. But see note, p. 135. 
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lu neither tbe high pressure nor the low pressure system is 
the amoant of power which cau be transmitted by a single main 
very great. This involves a definite limitation of hydranlic 
systems. They are best adapted for driving machines working 
only a fraction of the twenty-four hours, or for motors for small 
indnstries not requiring a great amount of power. 

Loss of Pressure due la Friciio". in the Mains. — At a velocity 
of 3 feet per second the loss of pressure per mile of main due 
to friction is about \6 lbs. per square inch in a 6-inch main; 
about 9 lbs. per square inch in a 12-inch main, and about 4^ lbs. 
per square inch in a 24-iiich main. These losses ai-e insignifi- 
cant on a high pressare system, and not very important on a 
low jjfessure system with distances of trauBmission such as are 
practically attempted. The losses of energy due to distribution 
in an hydraulic system, apart from those due to the pumping or 
motor machines, are so small in most cases that they may be 
dismissed from consideration without any very serious error. 

The loss of pressure measured in feet of head, in a main of 
length / and diameter n, in feet, at a velocity v feet per second, is 
^ven by the equation ^^h 

■(vhere k has the following values for clean and corroded pipee : ' 

New and clean Old anrt inumsled 
u = 0-5 /; = 0-024 to 0'046 ^^ 

1-0 0-022 0-044 ^H 

2-0 U'02O 0-040 ^H 

The following table gives the loss due to friction, at a velocity 
of 3 feet per second, per mile of main : — 



r 

inlni. 


„..«„„-»_-. 


Inft-onifwi liilbL|nrK).l>i. 


Clcsn 


1^««1 C,«u. 1 I«o™^ 


e 

IS 

u 


7-* 


70-9 J5-.'i7 30-70 
S2>5 7-oe H-07 
14-B a'90 8*1 



Maphine Deiiyit. I'nwin. Part ii. p. 7. 
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For rough calculations, the loss of pressure per mile may be 
taken at 107/d lbs. per square inch, for pipes in good order. 
The percentage loss per mile reckoned on the working pressure 
is as follows : — 



New and Clean Pipes 



Diameter 
in inn. 



6 
12 
24 



100 



35-5 

16-3 

7-4 



Loss per mile in per cent of total head 



For preraureB in ft. of 
260 I 600 I 1,000 



14-2 
6-6 
2-8 



71 
3-3 
1-4 



1,600 



3-5 


2-2 


1-6 


10 


0-7 


0*6 



With incrusted pipes the percentage loss is twice as great. 
The loss in any case is not very important for working pressures 
of more than 500 feet of head and distances of transmission 
likely to be attempted. For small working pressures or greater 
velocity in the main the frictional losses become much more 
important. That is one reason why high-working pressures are 
advantageous in hydraulic systems. 

Considerations arising out of the Strength of the Pipes. — In 
all hydraulic systems at high pressure in this country cast-iron 
pipes have been used, with a peculiar flanged joint having two 
bolts. Mr. Ellington's experience in London shows that a main 
of this kind can be made absolutely tight and free from leakage. 
The largest mains used are 7j^ inches in diameter. The working 
stress in the metal due to the water pressure is 2,800 lbs. per 
square inch. The mains are usually tested to a water pressure 
of 2,500 lbs. per square inch before laying, and to a pressure of 
800 to 1,600 lbs. per square inch after laying. 

Fig. 36 shows at A the form of joint used by Lord Armstrong, 
and at B a modification introduced by Mr. Ellington. The joint 
is made tight by a gutta-percha ring. The flanges are placed 
in a horizontal position in laying. Mr. Ellington found that 
fractures in the pipes occurred by the breaking off of one of 
the lugs for the bolts. By placing the lugs a little farther back 
on the pipe the strength was found to be greater. Probably the 
slight flexibility of the pipe line this form of joint allows is an 
important element in its success. 
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[ The thiclcne&s of the pipes of d inches diameter, for a working 
rare ofp lbs, per sq. in., is given by the rule — 

( = 0-000,178 n ^. + J 
Thus for i> = 7o0 lbs. per sq. in. 

P = 1- 6 7i V2 

I = -78 1-U5 1-25 1-45 1-85 

The bolts have a stress of about 8,000 lbs. per sq. in. on the 
net section at the bottom of the thread. If (i is the gross 
diameter of bolt, then approximately, for two bolts 



Thus for I- 



= 750 



d= 1 



H 



9 



12 



-S 



The proportional numbers in fig. 3G are for a unit = t. 

Probably solid drawn steel pipes could now be u<5ed, if a 
suitable joint for them could be devised.' .Such pipes were pro- 
posed to be used in a project submitted to the Niagara Com- 
mission by MM. Vigreux and Feray, For steel pipes a stress 




5,000 lbs. per sq, in, might be allowed, and the use of SQch 
pipes would much extend the capability of the high pressure 
iivdraulic system. On low pressure hydraulic systems ordi- 
lury socket ]>ipes can be used. 



f ManneeiDHn h-tecl lubes of from E to 12 inol 
my>!J water under coDsiderable byilraulic pi 
kreip. They Iihfc Htampeil steel flnngea. 



□ diumeter are being used 
ore (TSO lbs, per sq. Ln.) at - 
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Considerations arising out of the Weight and Cost of the Dis' 
tributing Mains, — For pipes of equal strength and at a given 
limiting velocity of flow the weight of mains is simply propoi^ 
tional to the horse-power transmitted. Hence, so far aa cost of 
mains is concerned, the low pressure system is as economical as 
the high pressure system. Probably, however, if all practical 
exigencies are taken into account, the cost of mains is somewhat 
greater for low pressure than for high pressure systems. 

Considerations arising out of the Type of Motors driven by 
the Pressure Watsr, — On high pressure systems the motors used 
are almost exclusively pressure engines, that is, motors with 
reciprocating plungers or pistons. Such motors become ex- 
travagantly costly for low working pressures. The greater the 
working pressure the more conveniently and cheaply is the 
power produced by motors of this class. Hence the general 
adoption of pressures of 700 to 800 lbs. per sq. in. in high 
pressure systems. The pressure engine type of motor is 
extremely convenient for lifting machinery and hydraulic 
presses, and even for rotative motors of small size. It is not 
nearly so convenient when a large amount of power is to be de- 
veloped continuously for driving a factory. For that purpose 
turbine motors are much better, being cheaper and more easily 
regulated. It is true that some of the newer types of turbine, 
such as impulse turbines and Pelton wheels, can be used even at 
pressures of 800 lbs. per sq. in. But, on the whole, low pressure 
reservoir systems are better suited to cases where power has to 
be developed by turbines. 

The EJficienaj of Hydraulic Transmission, — Very careful ex- 
periments on the eflSciency of hydraulic transmission were made 
at the Marseilles Docks. ^ 

The dimensions of the engine and accumulator were as 
follows: — Engine. Two cylinders 21 ins. diameter, 38 ins. 
stroke. Accumulators. Ram 17 ins. diameter; pressure 51^ 
to 52^ atmospheres. The pumps were differential and double- 
acting. The following table gives some of the principal results 
of the trials of the engine pumps and accumulator. They have 
been reduced from metric to English units. 

• * Docks and Warehouses at Marseilles,' Thomas Hawthorn ; Proe. Inst, 
Ciril Engineers^ vol. xxiv. p. 144. 
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} It Bjipears Uierefore tLat at slow speeds of working 20 per 
cent., ntii] at fast speeds nearly 30 per cent., of tlie indicuted 
power is lost in engine and pump friction and the friction of the 
ram packing.' 

Tbe efficiency of ttie lifting machinery was also tested. In 
one case the water used in 1 ^ hour bj' five hoi&ts, each loaded 
with 1^ tons, working simultaneouely, waa measured, and the 
engine was indicattd at the same time. With 110 i.h.p. of the 
«ngine. the energy in the ]ire8sure water used amounted to 78^5 
h.p. and the useful work done in lifting to 34G h.p. Hence 
ihe useful work was 208 per cent, of the indicated work of the 
fngiup, or 4'1 per cent, of the energy supplied by the pressure 
water. In another case one hoist was used and the load varied. 
In this case the ratio of the useful work to the energj^ supplied 
(jy the pressure water varied from l.j per cent, with 1,100 ibe. 
lifted to GO per cent, with 4,o00 lbs. lifted. The cradle weighed 
1 ,0.^0 lbs. in addition. 

Mr. Ellington stated, in his paper on the London Hydraulic 
Sujijily System, that "the practical efficiency (brake h.p. of 
hydraulic motors) of the hydraulic eys-tem may be fixed at from 
oO lo 60 per cent, of the power developed (indicated h.p.) at the 

■ III t.lie trial of ibi" engine and pumps at Knlcon Wliarf, given in Mr. 
ETIiiieton's paper, the i.h.p. was 178-5, and tlie pump h.p. (allowing 5 per 
urnC.*lip}wa> 13!), so that the mechanical effidcncjof engines and pumps n-us 
rrctot. 
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central station.' * Great weight must be given to anything Mr. 
Ellington says in relation to hydraulic power supply, but it must 
be pointed out that this assumes a very high eflSciency in the 
motors. If the efficiency of engine, pump and accumulator is 
taken at 80 per cent., the highest efficiency observed at 
Marseilles, and the pressure water is used to drive a continuously 
working, fully-loaded turbine, with an efficiency of 75 per cent., 
the resultant efficiency exclusive of any losses in the mains, which 
in fact are small, would be 60 per cent. But with the actual 
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Fig. 37. 

machines used on hydraulic systems and the varying work done 
the average efficiency must be very much lower. 

General Arrangement of a Hydraulic Transmission, — Fig. 37 
shows in a diagrammatic way the arrangement of an hydraulic 
transmission. As shown it is a closed system, but except for 
short transmissions the return main is generally omitted, and 
the motors discharge water to waste. Both reservoir and 
accumulator storage are indicated. In extensive systems more 
than one accumulator are required, and in that case they are best 
distributed throughout the district supplied. 



> * Hydraulic Power in London,' Proc. Inst, Civil Engineerg, vol. xciv. 
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HIGH PRESSURE SYSTEMS 



The highest water pressure naually adopted la 800 lbs. per 
square incb, bot a pressure nearly double this is to be Deed in 
Manchester. The distributing mainy must in general form a 
network, ko that in case of accident nay purtion can be shut oA 
by etop valves without affecting the working of the rest of the 
Bj-stem. The water used must be pure and free from silt, other- 
mse the valves and valve seatings and the working parts of the 
motcrs are injnred. Sometimes the -pressure water is obtained 
from the town mains. At other times water from an impore 
BODFce is used, bnt it la filtered before it is pumped into the 
mains. To obviate injury from frost the pipes must be placed 
deep enough (three to four feet) underground. In sorae cases 
the preasure water is warme<l in wintc-r by taking the delivery 
pipe through the hot well of the engine, or by injecting steam 
into the snotion well. To obviate injury from hydraulic shock. 
sprii^-looded safety valves are placed on the main. Back- 
pressure valves are also used to prevent a euddeii relief of 
pressure if a main bursts. These are sometimes ball valves 
hanging in a chamber, which swing so as to close the main if 
the velocity increases above a safe limit, 

PMfun jVofwK,— For ordinary double-acting piston motors 
let d be the diameter of cylinder and s the length of stroke in 
inches ; let /> be the available water pressure in lbs. per square 
inch ; n the revolutions per minute ; a the h.p. ; ij the efficiency. 
Then 

«/360 is the mean piston speed in feet per second, and 



d = 26-\ii^^ 



V"!' 






f bf taken at 0'7 to 0-8 ; r is usually about 2 feet per 
; the ratio «/(/ is usually H to IJ. 
e Hull Hi/ilraiilic Voimr Sijtiejii.' — This was the first scheme 
ributing power hydraulicaliy to many consumers. The 
pal main is inches in diameter and 1 , i85 vnrds in length, 

' See Robinaon, Pree. J»tt. Ciril Esgijufri, vol ilix. 
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The joints are flanged joints, with a gUtta-percha ring of the 
kind generally used since. The pumping station is arranged 
for four GO h.p. engines, of which two have been erected. Each 
engine delivers 130 gallons per minute at 700 lbs. per square 
inch pressure, corresponding to 63*6 effective h.p. There is an 
accumulator 1 8 inches in diameter and 20 feet stroke, loaded to 
610 lbs. per square inch. The charges were originally intended 
to be 52L for one crane per annum, and less for several cranes 
in one warehouse. The charges are, however, by quantity of 
water supplied as measured by meter. The minimum charge is 
8L per machine per annum. The charge by quantity of water 
used ranges from 8Z. per annum for 1 6,000 gallons or less to 
200Z. for 1,200,000 gallons, with special rates for greater 
quantities. The following short table will give an idea of the 
way the charges are graduated : — 



Consumption of water per quarter 



Charge per quarter' ^^^"^ ^ V-^^ 
vyii»xBc yK,i H"<u ^ gallons 8upp!ie<1 



4,000 gallons or under 

I 9,000 to 10,000 

! 49,000 to 50,000 
99,000 to 100,000 
1 99,000 to 200,000 
299,000 to 300,000 



£ s. 

2 

3 10 
12 10 
20 
35 
50 



s. 
100 
70 
6-0 
4-0 
8-6 
3-3 



The charge for water taken in excess of 300,000 gallons per 
quarter is 25 shillings per 1,000 gallons. For 500,000 gallons 
per quai-ter 2*5 shillings per 1 ,000 is charged for the whole supply. 

21ie London Hydraulic Power Company,^ — An Act was 
obtained in 1871 for supplying hydraulic power in London. 
The rights conferred by the Act remained dormant until resusci- 
tated by Mr. Ellington in 1882. The present company was 
constituted in 1884. In 1887, twenty-live miles of pressure 
main had been laid in London streets, and at the present time 
there are nearly sixty miles of pressure mains. These extend 
from the West India Docks and Wapping on the east to 
Kensington on the west ; from Mint Street south of the river 
to Clerkenwell and Old Street on the north. 

» The account of the London Hydraulic Power System is derived partly 
from papers by Mr. E. B. Ellington (Proc. Inst. C. E., vol. xciv. and vol. cxv.), 
partly from the reports of the Company. 
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Hiere are tliree priiieipa! pumping stntiona: one at Falcon 
', n short distance east of Blackfriars Bridge (800 i.h.p.) ; 
another at Millbaiik, Westminster (fiOO i.h.p.); and one at 
Wapping (1,200 i.h.p.). A roiirth station in the City Road is 
io course of erection (1,200 i.h.p.). The aggregale power of all 
the stntiona, when completa, will be 3,800 i.h.p., of which 
one-third is reckoned as reaerve power in case of repair or 
accident. 

At Falcon AVharf and Millbaak all the water ia taken from 
the river, bat it is filtered before it is pnmped into the mains. 
At Wapping jiart is taken from the London Dock, part from 
a well. After use by consumers it flows into the sewers. The 
power is available for nae night and day all the year round. It 
is largely used for lifting machineiy and for presses nnd pumps. 
The company claim that it cnn be used for electric lighting 
of particular estaljlishments and for extinguishing fires. For 
this last purpose Mr. Gre-athead's injector hydrant or hydmulic 
iiitensifier is applied; a small jet of water from the high pressure 
oiwiia is made to intensify the pressure of a larger jet drawn 
(rom the ordinnry town mains. A fire stream is so obtained 
capable of reaching the top of high buildings without employ- 
ing a fire-engine. In 1692, there were 1,096 machines worked 
by pressure water from the company's high pressure mains, 
consuming 6,000,000 gallons per week. The quantity of water 
need by each consumer is measured by a meter on the exhaust 
pipe of the raacliines driven. Parkinson's meter is most used. 
Siemens' tnrbine meter is used to some extent, but it is in- 

Snre'ninvte under the sudden fluctuations of discharge which 
Kent's positive meter is also used. 
b Falcon Wharf there are four sets of compound pumping 
ea capable of indicating 200 i.h.p. They are vertical, 
one high and two low pressure cylinders, and a pump 
plunger directly connected to each piston. At 200 feet of 
piston speed per minute each set of engines will deliver 2iO 
gallons per minute at 750 lbs, per square inch pressure into the 
accumulator. This corresponds to 120 effective h.p, A nine 
hoars' trial of one set of engines was made in 1887, the engine 
g at constant speed and the coal used being sea-borne 
1 ooftl. The boilers are provided with an economiser. 



Total iuairatnit 
Steam | 

Coal per i.h.iJ 
Accuitiulati'ir J 
Effect] 1 

B per oent.. 
Uechanical ~ 
Water pumped 



The engines ol 
i.h.p. hoar, which 
consequence of the 



Q, 




There are two accamul. 
inches in diameter nnd 2-3 
a capacity of storage equni 
Porrett filters constructed i_ 
filtering ruateriat ia compre- 
iiiider a pressure of about I 
hydraulic nira . It is cleansed 
tho direction of flow and 
releasing the pressure on the s- 

The pumping station at Wi 
in fig. 38. is a more receutl; 

' The Wapping Station wa^ descii' 



r is charged at 
500,000 

» ^fw IMO xbDocis ill nnmd, 
, and tiw 

fv tke kind of mik 

■d 11 MtalL Thns it 

feet. On tlK 

of tUs bottiM to 

If Cfetod nethoda on 

iDtikflthe ooit 

day. If the 

Company ii 

fir jev, then the 

h <iAb- wsys. lie 

ittwA% altbongfa it 

bjglHi in his pafNT 

of power bf tho 



ftonam, 
r, 437,600 

'nnUl (WJ for it 

~S'743 
6U 



lliat at Falcon Wharf. TLe watrr pumped is obtained pnrlly 
from a well suuk into a grnvel bed, partly from the Iiomloii 
Dock. The pumping from the well into a tank over the Vrailer- 
hoase is effect*>d by low lift pumps worked hydranlically by the 
pressure water. From this tank it passes through ' 'I'orrent ' 
filters constructed by the Pulsoraeter Company to underground 
reservoirs. From this it is lided by the condenser circulating 
pumps to another tank above the boiler-house, whence it is 
pumped into the mains. The reservoir capacity is 800,000 
galloos. The engine-house contains sbc seta of vertical inverted 
triple expansion engines with cylinders 1 5 inches, 23 inches, and 
36 inches in diameter and 24 inches stroke, Kach piston drives a 
single-acting plunger pump with ram o inches in diameter direct 
from the crosshead. The working sleam pressure is 150 lbs. 
per square inch, and the hydraulic pressure 800 lbs. per sijuare 
inch. Each set of engines will deliver 300 gallons of water per 
minnte at a piston speed of 250 feet j»r minute. All the 
cylinders are jacketed. 

In a test trial the engines are stated to have worked with 

14-1 lbs. of steam and 1-27 lb, of Welsh cool per i.h.p. hour. 

The water jiasses from the pumps to two accumuhitors, with 

rmns 20 inches in diameter and 23 feet stroke. One of the 

accDcnulators is loaded to a slightly heavier pressure than the 

other, so that one accumulator rises a little in advance of the. 

other. 'I'he more heavily loaded accumulator automatically 

^^diuts off steam when at the top of its stroke. 

^^L Ckarffes /or Prosmre Water for Power Purpoam. — The London 

^^B'dnaUc Company make a miaimum charge of \l. hn. per 

^^^liirter per machine. For consumers using more than 3,000 

gallons per quarter there are graduated charges of which (he 

following short table gives a sample : — 
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An excess over 300,000 gallons per quarter is charged at 
2s. per 1,000 gallons. Consumers using more than 500,000 
gallons per quarter are charged 25. per 1,000 gallons all round. 
Rates are further reduced for still larger quantities, and the 
minimum rate is l-5s. per 1,000 gallons. 

With these charges the cost of power for the kind of work 
for which an hydraulic system is best suited is small. Thus it 
is often less than one farthing per ton lifted 50 feet. On the 
other hand, it is necessary for the purpose of this treatise to 
consider the cost of power distributed by different methods on 
some common basis. It is almost unavoidable to take the cost 
of power exerted continuously through the working day. If the 
cost of power supplied by the Hydraulic Power Company is 
reckoned, for machines working 3,000 hours per year, then the 
cost is larger than that of power obtained in other ways. The 
comparison of the cost so reckoned is instructive, although it 
may be in fairness pointed out that Mr. Ellington in his paper 
stated that he had never advocated the supply of power by the 
London Hydraulic System for continuously working engines to 
any large extent. 

To obtain one effective h.p. during 3,000 hours per annum, 
allowing an efficiency of 80 per cent, in the motor, 437,500 
gallons of water are required. Hence a consumer, taking 
50,000 gallons per quarter, would get the equivalent annually 
of 0-457 effective h.p. for 3,000 hours, and would pay for it 
at the rate of 109Z. per h.p. per annum. A consumer taking 
U00,000 gallons per quarter would get the equivalent of 2*743 
effective h.p. for 3,000 hours, and would pay at the rate of 62/. 
per effective h.p. per annum. A consumer taking 500,000 
gallons per quarter would get the equivalent of 4*573 effective 
h.p. for 3,000 hours, and would pay at the rate of 43Z. los. per 
effective h.p. per annum. It must be remembered that this is 
the cost for pressure water only, and does not include meter rent 
or interest on the cost of the motors. 

There is one other respect in which the statement just made, 
unfavourable as it is to the use of pressure water as an agent 
in distributing water power, is nevertheless too favourable. It 
follows from the incompressibility of water that nothing like 
expansive working is possible in a water motor. In the case 
of all reciprocating motors, and these are almost the only motors 
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used with liigh pressure water, and with the sniall exception 
Uie speci&l engine of Mr. Uigg nienlioned above, it may be said 
broadly that all the mutora on high pressure hydraulic systems 
use the same <juutitily of water, whether they ace lightly loaded 
or fully luaded. The consequence is that not only is pressure 
water expensive as an agent for distributing power, when it is 
ueed oa economically as is possible in fully loaded 010101*8, but 
the cost ia again increased because in practice moat of the motors 
work usually at less than full load. If we take the average 
load on the motors to be not more than two-thii-ds the foil load, 
then the cost of the power is increased 50 per cent. 

'/'/ii' lAvei'pool Hi/ilrauUc Siijijily Sii»ti-in. — In Livei-pool 
pressure water from the town mains was used for working 
hydraulic cranes as early as I8t7. From an interesting paper 
by Mr, Josepli Parry,' it appears that the use of hydraulic (X)wer 
jo this way made very slow progress. In 1877, the number of 
hydraulic machines supplied from the town mains was S9. At 
the present time thei-e are 102 machines worked by water from 
tiie town mains, consuming 125,600,000 gallons per annum. 
Ttkking the mean pressure at 70 lbs. per wq. in., this Is equiva- 
lent to 82,710 effective h.p. houi-s, or lo 27 effectivu h.p. for 
;i.00O hours in the year — a rather insignificant amount. The 
average charge for working a goods hoist is I'il. per annum, 
oT only lOd. per hoist ]ier day, a small coat for the convenience 
afforded. The charge for water is 7d. per 1,000 gallons. At 
this rate the charge is equivalent to 120/. per effective h.p. per 
year of 3,000 hours. Experiments on the quantity of water used 
by some hoists showed the cost to amount to from G'^ to lOi/. 
per ton lifted -jO feet. 

There is also in IJverpool a high pressure system, which is 
to be ext«ndetl. Experiments with some hoists worked on this 
system showed the cost to be from \pl. to 2JrJ. per ton lifted 
50 feet. Mr. PaiTy comes to the conclusion that hoists worked 
from the town mains cost more than those on the high pressure 
system, when the charge for water on the high pressure system 
doee not exceed 5s, per 1,000 gallons. 

The Birmiji^hifm. Ifi/dmidic Poicer SyKl^m. — In Birmingham, 
a Liverpool, water has been supplied from the town mains 
•ThcSopplyot Power by Pressnre Irota Ihe Publii; Muins,' Proe. Intt. 
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to work lifts. In 1888, there were 61 lifts and hoists thus 
worked, using 80,000 gallons per day, and yielding to the Water 
Committee of the Corporation about 1,000Z. a year; Since that 
time, a high pressure system has been carried out, which has 
the peculiarities that it belongs to the Corporation and that the 
pumping is done by gas engines.* 

At the pumping station there are three sets of triple 
hydraulic pumps, working to a pressure of 730 lbs. per sq. in. 
These are driven by three ' Otto ' gas engines, nominally of 12, 
20, and 20 h.p., but capable of developing an aggregate of 
about 100 h.p. Ordinary lighting gas is used. The pumps 
deliver into two 6-inch mains. There are three hydraulic 
pumps, having each three plungers. For one the plungers are 
2^ ins. diameter and 9 ius. stroke. For the othera the plungers 
are 3 ins. diameter and 12 ins. stroke. Each gas engine drives 
a counter-shaft by a belt, and this shaft drives the pump crank- 
shaft by gearing at 49 revs, per minute. There are two ac- 
cumulators with 20-inch rams and 20 feet stroke. A small 
* Brotherhood ' engine, worked by the pressure water, is used in 
starting the gas engines. 

Mancliester Hydraulic- Power Supply. — At Manchester a 
combined scheme for supplying electricity and high pressure 
water is being carried out. A pressure of 1,600 lbs. per sq. in. 
in the hydraulic system is to be used. It is hoped that there 
will be economy in working the electricity and pressure water 
supply from the station. 

LOW PRESSURE HYDRAULIC SYSTEMS 

The Zurich Works, — ^The Ztlrich installation is a complex 
and very interesting one.^ It was the earliest example in 
Switzerland of the application of hydraulic power, partly to 
pump a supply of potable water, partly to furnish motive power, 
from the same central station. It has grown gradually, and of 
late has been greatly extended. It comprises machinery driven 
by turbines for furnishing (a) a water supply to the town of 
Zurich ; (/>) a supply of motive power transmitted by wire rope : 

» ^QQ Engineering, February 12, 1892. 

« See Preller on * The Ziirich Water Supply Power and Electric Works/ 
Proc. Inst. Civil Engineers, vol. cxi. 
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(0)b supply of motivi^ power tmusmitted by comparatively low 
preesare water rrotn the town mains ; {if) a supply of motive 
power trunsmlil«d bydraalically, from a special reservoir at 
comparatively liitfh pressure; (c) au electric central station, also 
<lriveii by water power. 




ZufilCH. 



When till? works (fig. 3fl) wei-e first establisti^d, the water 
iply of Zurich was obtained from a filter in the lied of tlio 
rer Limmat near its exit from tbe lake. This water was 
mped by turbines erected a little further down Btretm. 
lerf Ijeiuj; surpliia water power, a telodynamic trans iiiioi on 
8 erected, and part of the motive power was distributed to 
ictorics along the riverside. In I8H1 the quality of the water 
was found to be inferior. After extensive invt-stij^alions, it was 
decidetl to obtain a new snpply of potable water from an intake 
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in the lake, and to use the old water supply for motive power 
purposes only. 

The fall available in the Limmat at the pumping-station, 
and the available volume of flow, are as follows : — 



High- water level in summer 
Mean „ „ „ „ 
Low „ „ „ winter 



Fall, feet 



4-92 

8-20 

10-60 



Volome of 
water flowing 

in the river, 
c. ft. per aeo. 



2,295 
1.660 
1.059 



Grora water 
power, h.p. 



1,300 
1,570 
1,280 



I 



The effective power delivered by the turbines in the river is 
as follows : — 

H.P. 

For pumping filtered potable water 237 

Supplying motive power by pressure water . , . 128 

Driving the wire rope transmission 227 

Supplying hydraulic motive power for electric lighting 

station 444 

Total 1,036 

There are two reserve steam-engines, of 300 i.h.p. each, to 
provide for a deficiency of water power. At the pumping 
station there are eight pressure (Jonval) turbines working, up 
to from 96 to 110 h.p., according to the state of the river. 
There are also two newer turbines of about 175 h.p. each. The 
turbines have vertical shafts, and each pair drives by bevil 
wheels a common horizontal shaft, which runs at 50 revolutions 
per minute in the case of the earlier turbines, and at 66 
revolutions per minute in the case of the two last erected. From 
these shafts a horizontal main shaft, 328 feet in length, and 
running at 100 revolutions per minute, is driven. To this 
main shaft any of the pumps can be coupled. The earlier 
turbines cost, with gearing, about 121. per h.p. ; the two larger 
turbines about 7/. per h.p. There are at present in operation 
seven sets of horizontal double-acting ' Girard ' pumps. The total 
pumping capacity is 8,143,000 gallons per day. The water for 
driving the turbines is obtained by a weir in the Limmat, which 
deviates the water into a canal formed by a longitudinal em- 
bankment in the river. Sluices divide the head-race channel 
from a tail-race channel formed in a similar wav. 
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The pnmpe snpply the following r 
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From the town moias water is supplied to work 180 small 
motors. The total power thns supplied is aboat 187 h.p., and 
ita cost is about 4i(f. per h.p. hour. 

The principal supply of power, apart from that distributed 
by wire rope, is obtained from pressure water derived from the 
old Limmat filter-bed, and pumped to the special high level 
re-servoir. This water is pumped chiefly during the night. The 
reservoir is about (J. "00 feet from the pumping station, and is 
supplied by an IB-inch main. The effective pressure at the 
motors is about ilo feet, and the distributing mains have an 
aggregate length of lo,l)00 feet. 

The charge for this pressure water for power purposes varies 
from 0-Gil. per h.p, hour, when at least oO.dOO h.p. hours are 
taken in the year, to 1-2.V/. per h.p. hour, when less than 20,U0{> 
h.p. hours are taken in the year. For 3,000 working hours iu 
the year the charge is from 7/. lOr^. to 16/. per h.p, per annum. 
The water supplied in this way now amounts to 12,380,000 
c. ft. f er annum, yielding altogether about 900,000 h,p, hours. 
The total receipts are l,-200/. per annum, or \-OSrl. per 1,000 
gallons. 

Besidea this supply of pressure wat«r to various consumers, 
the E!w;tric Station (fig. 40) is ordinniily to be driven by 
pressure water from Ihe same high-level reservoir. For this 
purpose two impulse turbines of 300 h.p. each have been erectwl 
for driving dynamos, and two smaller turbines of ;S0 h.p. driving- 
exciting dynamos. Alternatively, if the supply of preaaure 
■ water fails, the dynamos can be driven by the river turbines, or 
a reserve steam-engines. 

9 Bydravllr Worh a)ul Syslem of Hydravlic Fover Siipphj 
—There is now in operation st Geneva one of tha 
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moBt remarkable hydraulic ]K)wer statiora in tbe world. The 
water of the river Rhone, near the point where it flows out of 
Lake Lemiin, is employed to drive a number of large low 
pressure turbines, giving n total of 4,500 effective li,p. These 
turbines pnmp pure water obtained from the lake into two 
systems of inaiuB. The older of these, tenned the low pressure 
system, the pressure at the pumps being 160 to 200 feet, is an 
extension of a previously existing system of mains naed for 
supplying potable waterto the town of Geneva. Although some 
of the water pumped into this sytitem is used for jxjwer purposes, 
it i» chiefly intended to supply watwr for domestic and municipal 
purposes. Tlie second system of mains, termed the high pressure 
system, the ])re8sure at the pumps being HiO feet, supplies 
potable water to some districts not reached by the low pressure 
system, but it is specially intended to al}bi<d a supply of water (or 
motive power purposes to the entire area of ihe town. The 
demand for water, botli on the low and high pressure systems, is a 
finctuuting demand, targe during the day, and very small during 
the night. Hence, if the turbines in the Rhone were employed 
solely in (lumpiny into the mains, they would nut be continuously 
working, and a large part of the water power of the Rhani' 
Konid be wasted. To meet this diflSculty an important storage 
reservoir has been constructed at Bessinges, about !■ kilometres 
from Geneva. Tbe turbines pump water up to this reservoir at 
uight, and at times when the demand for power for other pur- 
poses is insufficient, to keep tliem fully employed. The energy 
derived from water flowing bock from tlie Bessinges reservoir 
through the high jiressure system represents part of the water 
power of the Uhone, which would necessarily have been wasted 
if this means of storage had not been provided. 

The works at Geneva liave gradually developed under special 
local conditions. In spite of natural anci political isolation, 
manufacturing industries have for centuries flourished at Geneva. 
That they did bo is partly owing to the fact that cheap water 
power could be obtained Iri' simple forms of water-wheel placed 
in the ample and rapid Rhone, flowing past the town. An 
industrial (juart^r gathered along the banks of the river, and 
factories were built even in the stream itsidf. As the population 
increased a water supply was required. The small aqueducts 
of spring water became insufficient, and further recourse was 
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had to the motive power of the Bhdne. From the beginning of 
the eighteenth century, water-wheels placed in the Rhone 
pumped a water supply into the town. 

Then arose an antagonism to the utilisation of the motive 
power of the Rhone, which for two centuries hindered the pro- 
gress of industrial enterprise at Geneva, and threatened at times 
to destroy the existing industries. The properties of riparian 
owners on the shores of Lake Leman were from time to time 
injured by the rising of the lake level. It was not unnatural 
that the landowners should attribute the disastrous inundations 
from which they suffered to the obstacles created at the outlet 
of the lake, that is to the bridges and buildings, and especially 
the factories and water-wheels in Geneva. Complaints were 
addressed by the Canton Vaud to the Federal Government at 
Berne of damage caused by the works at Geneva. Then arose 
a question of arrangements necessary to regulate the lake level, 
and to facilitate, in time of flood, the discharge of the water. 
After 1875, the project of utilising the motive power of the 
Rhone took a new magnitude and importance, from the com- 
bination with it of plans for regulating the level of Lake Leman, 
and so ending a long and bitter controversy. 

Another local circumstance had ^eat influence in deter- 
mining the ultimate form of the project for the utilisation of the 
motive power of the Rhone. In 1871, Colonel Turrettini,* the 
engineer under whose direction the present works have been 
constructed, had applied to the town council of Geneva to place 
small pressure engines on the mains of the then existing low 
pressure water supply. The plan of obtaining motive power in 
this way proved so successful and convenient that, in 1880, there 
were 111 motors at work, using 34 million cubic feet of water 
annually, and paying a yearly rental for power water of 2,000/. 
The cost of the power at that time to consumers was at the rate 
of 36i. to 48Z. per h.p., per year of 3,000 working hours. 

In 1878, a private firm asked the concession of a monopoly 
of the motive power of the Rhone at Geneva, on condition of 
carrying out works necessary for facilitating the discharge fix>m 

' Utilisatitni des Forces motriees du Rhdne et Regularitatiim du Lae Leman^ 
Th. Tarrettini, Ingdnieur Conseiller Administratif d616g:u6 aux travauz; 
Geneve, ] 890. This admirablj illustrated memoir f ollj describes the origin, 
progress, and details of all the works at Geneva. 
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■divisions of the river bed are movable sluices, which keep up 
the water in the head-race channel, or discharge surplus water 
into the tail-race channel, accoi*dingto the condition of the lake. 
Tlie scheme also included a complete reconstruction of the old 
pumping system for the low pressure water supply ; the crea- 
tion of the new system of high pressure water supply, and the 
provision of motive power by hydraulic transmission to the 
industries of the town. 

Tlie Lov) Pressure River Turbines, — The turbine and pump 
house is placed at the end (fig. 41) of the left-hand channel 
or head-race. The turbines are of 210 h.p. each, and 14 
groups of turbines and pumps have been erected. Four more 
groups of somewhat greater power are expected to be erected 
within the next five years. The turbines are Jonval pressure 
turbines, constructed by Messrs. Eschef Wyss & Co.. of Zurich. 
They have vertical shafts, and each turbine drives from a crank 
two horizontal double-acting * Girard ' pumps, placed at right 
angles. Fig. 42 shows a cross-section of the turbine and pump 
house. 

The head at the turbines varies from 5*5 feet, when the river 
is in flood, to 12*14 feet when the volume of flow is smallest. 
With most forms of turbine this would involve a considerable 
variation of the normal speed, or speed of greatest eflSciency. 
"J'he turbines are skilfully arranged to meet this variation of 
head. The turbine-wheel and its corresponding system of 
guide-passages are arranged in three concentric rings. When 
the fall is great and the quantity of water used is smallest 
the outer ring only is open, and the water acts at a large radius. 
As the fall diminishes the second ring is opened and the mean 
radius at which the water acts is smaller. In the lowest 
conditions of the fall, when most water must be used, all three 
rings are open, and the mean radius at which the water acts 
is smaller still. The num^Der of rotations of the turbine de- 
pends directly on the velocity due to the head, and inversely on 
the radius at which the water enters. Hence, as the radius 
diminishes as the head diminishes, a fairly constant speed of 
rotation is obtained. The adjustment is such that with the 
highest fall the normal speed is 27 revolutions per minute, and 
with the lowest fall 24 revolutions per minute, a variation not 
practically serious in working pumps. 
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The fised distributor over the tarbine- wheel is i;i'7d feet 
in external dUmeler and .>74 f-« in internal diameter. It is 
divided into three rings having fifty-lwo gnide p«£8agie3 in the 
outtT ring, fortv-eigbt in thi; middle ring, and forty in the inner 
ring. Tlie external ring has no regniating slaic^. regulation 
being efTect^t! when tlmt ring onlv if open by the sluices in the 
head-race. The other rings are arranged so that over one semi- 
circle tlie orifices open vertically on an annular plane surface, 
And over the other eetuicircle they open horizontally on a 




Seal* ct r*it 



«Tliodrica] surface. Eftch ring of pasMiges hn* !wp regulating 
vlnicea, one a semicircular annular plate for ike orifio.'s opening 
vertically, one a semi-cylinder for the openings which are hori- 
zontal. Each filuice can be fully o|>ened witlnmt interfering 
witii the openings corresjwndiHg to the other. The slmces ape 
worked by gearing. The tarbine-wheel is of cast inm, in two 
halves. It has wheel passages correspouding to those in the 
ilisiribator. The effective section of tlow throngh each InrUne 
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Outer ring, fifty-two passages, each 11*02 ins. x 2*95 ins., 
giving a total of 11*75 sq. ft. 

Middle ring, forty-eight passages, each 17*72 x 2*60 ins.^ 
giving a total of 15*35 sq. ft. 

Inner ring, forty passages, each 17*72 x 2*36 ins., giving a 
total of 11-63 sq.ft. 

In low conditions of the river, when the fall is greatest 
(12*14 ft.), the turbine must discharge 211*9 c. ft. per second. 
The relative velocity of discharge is 0'65^/2g x 12*14 = 18*17 
ft. per second. Then the outer ring afibrds sufficient area. 

In high conditions of the river, when the fall is 5*51 ft., 
the turbine must discharge 471*4 c. ft. per second. The relative 
velocity of discharge is 12*25 ft. per second. Then the three 
rings give sufficient area. 

The vertical support of each turbine consists of a fixed 
wrought-iron pillar, carrying at its top a steel step for the pivot 
and a steel revolving hollow shaft hanging from the pivot at the 
top. The pivot is 6 inches in diameter. A crank at the top of 
the shaft drives two ' Girard ' double-acting pumps placed at right 
angles, from a single crank-pin. The * Girard ' pump consists 
virtually of two plunger pumps placed end to end, the advantage 
being that the stuffing-boxes for the plungers are accessible and 
there is no internal packing. The two pumps discharge into a 
single air-vessel placed between them. The diameter of the 
plungers of the low pressure pumps is 1*41 feet, that of the 
high pressure pumps 1*08 and 085 feet. The stroke is 3*61 feet, 
and the mean velocity 188 feet per minute. The valves are 
ring valves with leather faces. The high pressure pumps supply 
mains of 20-inch diameter in one direction and of 24-inch 
and 1 G-inch in the other. The low pressure pumps supply two 
mains of 20-inch diameter. 

The Illgk Presmire Reservoir at Bessitujes. — When the high 
pressure system was first put in operation, a constant pressure 
was maintained in the mains by constantly pumping in excess 
of the demand and allowing the surplus to flow away through 
a relief valve. This involved a constant waste. To further 
moderate fluctuations of pressure four large air vessels (additional 
to those at the pumps) were erected. These were 5 feet in 
diameter and 39 feet high, and were kept charged with air by a 
* CoUadon ' compressor. When it became a question of driving 
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tlie eWtrie station by turbines drivpn by water from tlie bigli 
presaare system, the ntfd of a sttiru^e reservoir bt-eaniP preaning. 
At 4 kilometi-ea from Geneva, a aite was fountl at an <'!evat.ion of 
390 feet above ttie Inke, and it was det-idi'd to L-utistruct a 
reservoir, capable of storing tlie disi^harge of tliret- Kroupa of 
pumps working tbrougb theniglit. Tbe discharge of the pumps 
is 3-l.,000 c. ft. per hour or +12,000 c. ft, for ihirlcen Uouni, 
during which, if there were no means of storage, tliey would be 
put out of action. 

The i-eser\'oir is a covered reservoir capable of containing 
463,000 c. ft. It stores, therefore, 0,578 grose h.p. hours 
of energy. Allowing for the loss at the motors driven by the 
pressure water, the reservoir will fnmish about 800 effective 
h.p. for five hours. It serves as a perfect regulator of pressure. 
A Hoat with electric signal and recording apparatus shows 
constantly in the pump-house the condition of the reiservoir, 

Ihjilrmilk Preiifure Rehuj or CompenitUiwj PregKure l{i-ijulntor. 
The Ki-inch pipe main from the pum ping-station to the 
reservoir at Bessinges being 
•I kilometres in length, there 
would be ft difference of pres- 
sure in the mains in Geneva 
equivalent to the friction of 
8 kilometres of main, according 
as water was being pumped up y^^ ^g 

to or flowing back from the 

Treervoir. 'ITiis would not have been very seiious if all 
motors driven by the water had been supplied by meter, 
the larger motors are supplied by gauging, the quantity of water 
nspd being computed from tho area of the orifices of discharge. 
Variations of liead would have involved a variation of the 
quantity of power developed at the motors amounting to 2U per 
cent. This would have hindered the development of that 
method of estimating the charge for water.' 

Toprevent ttia variation of head Colonel Turrettiui ili;viHed a 
d pump relay, shown diag ram mat i call y in fig. 43, and in 



in gangitig tbc igiuDiltjt of water ii*cJ b; lu^ o 
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fig. 44, which comes into action automatically and increaaes the 
pressure whenever the water is returning from the reservoir to the 
town. The centrifugal pump, which forms part of the main, is 
driven by a turbine so regulated for speed that a constant pressnie 
is obtained on the town side of the pump. The pump receives at 
the maximum 635 c. ft. of water per minute, and can give t* 
the stream passing through it an increase of pressure of 30 fe»^t. 
The turbine works with 380 feet of head, and can exert 120 h.p 

The sluices of the turbine are governed by an automatic 
pressure regulator. The pressure in the main acts on a pistu: 
controlled by a spring. According to the position of the pistoi: 
the turbine sluices are opened more or less. The movement ci 
the piston actuates the valve of an hydraulic relay, which operates 
the turbine sluices. Daring the filling of the reservoir tl • 
centrifugal pump is at rest, the water merelj flowing through i' 
When water flows back from the reservoir, the turbine begins i' 
drive the pump so as to increase the pressure in the main. Tl 
arrangement has worked with perfect success. Fig. 44 ahowg^i 
cross-section and plan of the hydraulic relay and pipes conin * 
ing it to the pumping main. 

The Motors n^ed in Geneva, — The original motors used 
Geneva were * Schmid * pressure engines, and these are still u^ 
for small powers. They use a (juantity of water which dej^ei 
on the speed only, and not on the work done. Hence they 
uneconomical with light loads. They are convenient and client 
they can be run at any speed, and they act as meters of • 
quantity of water used. A counter on the pressure en^/i 
recording the number of revolutions, gives the means of asc*' 
taining accurately the quantity of water consumed. At full 1- 
their efficiency is 80 per cent. 

For all larger motors impulse turbines are used. The m;. ^ 
mum efficiency of these is 75 per cent., and it is not much 
with light loads. They occupy little space, and can be perfr 
governed to constant speed by the ingenious relay governor- 
Messrs. Faesch & Piccard. In Geneva, the question of ^] 
regulation was found to be an important one. The indu.si 
connected with watch-making required motois running at * 
stant speed. 

The Electric Lighting Station, — In 1887 the Geneva city coi; " 
came to anarrangement with a company for supplying electrii"** 



IIYDRAVI.EC TlfAXSJIISSIClN 

It was part of the arraugemeiit that the company aliould use 
pressure water supplied by the town, as motive power in all its 
mstallatitins. The pressure water is supplied to the company 
by meter, at a price of 2 centimes per metre cube, with n mini- 
mom of 400,000 e. metres annually. This is equivalent to a 
little more than 'M. per effective h.p. per annum. The advantage 
to thp towu is that tlieir pumping machinery can be run con- 
— statitly night and Jay, the energy whieh would otherwise be 
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i beiDg stored. The electric comjiany, en the other hand, 
( power at a cheap rate, and their turbines being driven by 
. pressure are convenient and cheap, and run at an ex- 
Diely constant speed. 

Under the armngement an electric station has been installed 
^tho old pumping station, no longer required for its original 
jprpose (see fig, 41). There are three impulse turbines of 2U0 
B. each, and each turbine drives two dynamos directly coupled 
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to it by ' Raffard ' couplings (fig. i5).' There ia also a 25 h.p. 
tnrbiDfi and dynamo for day work. It is the Bystem of reservoir 
storage wbicli makes this hydraulic driving of the dynamos 
possible and economical. They coald not be driven so con- 
veniently by ths large low pressure turbines in the river, with 
the very varying head which they have to utilise, nor could 
power be spared to drive them except by utilising the motive 
power of the flow of the river through the night. 




The riigtaUation oj the ' Gompagnie Hijdro~Eleciritme ' at 
Antwerp. — A very remarkable scheme for the hydraulic distri- 
bution of power is being carried out at Antwerp, and the author 

' In the 'Raflard'coupling^tnodiscs od the ah&ft Hra conneoted by icdia- 
Tubber band^. which have n small initial tension when the shafts an not 
driving. The fignre ahowB the position of the bands when the shafts aie it 
rest and the position the; take when driving. The coefficient ot elacUcitj of 
the mbber may be taken at B ^ 119 lbs. per «]. in. The limiting iitresa irtwa 
driving aliould not exceed SO lbs. per sq. in. The conpling has the advantage, 
«lectrically, of being an insulating conpling. It has been nsed ertensivelj, 
even for transmitting large amonnts of power, and works ver; satisfectoiilj. 
It is most saitable for connectiog shafts roDoing at least 2EiO revolntions per 
nttnnte. 



M indflbtocl to Mpssrs. Carets Frores, of Ghent, who liave con- 
8truute<i the steara-pu roping machinery, for the followiog details. 
The plane are based on ihe investigations of the late Professor 
PruDfois von Rysselbergli, whose studies and ioi prove meiita, 
especially iu electrical scieno, are well known, 

Vwn Uysselbergh recognised the inconveniencea of the dis- 
tribution of electricity from a single station over a wide area. 
With low tension continuous current, the costof thedietributing 
mains is enormous; and with high tension, alternating currents, 
and transformers, he Itelieved the dangers to be serious. He 
sought, therefore, for means of distributing electricity at moderate 
tension without incurring too great a cost in the network of 
mains. He was led to a system which may be briefly described 
aa follows : — 

(1) Hydraulic transmission is adopted as the primary- means 
of dijitributing motive power over the district. Water under a 
pressure of 77U lbs. per sq. in. is pumped into the distributing 
mains by steam engines. 

(2) The pressure water is used to actuate motors which 
generate motive powei- for industrial purposes, or which drive 
dynamos producing electricity in electric sub-stations scattered 
at convenient positions over the district. 

0} The hydraulic motors are turbines of a new and special 
type, of small dimensions, not costly, and easily managed. It 
is stated that the ' von Rysselbergli ' motor will drive a dj-namo, 
BO that the difference of potential at any point of one of the 
electric circuits never varies more than 2 volts from the menn 
pressure of 110 volts. 

The system, therefore, serves a double purpose. It aETords a 
means of distributing motive power in a form very convenient 
for small industries. It also permits the convenient distribution 
of the electric generating stations at as many points ju the 
district as are required, and consequenlly it secures a great 
diminution of cost in the electric distiibuting mains. Von 
Bysselbergfa also contemplated the production of a store of 
olentricity at the sub-stations during hours when the demand 
for power or electricity was smallest. 

The company formed to carry out von Rysselbergh's plans 
has erected a principal station in the Rue du Chanlier, nt 
Uffi JU«c« are two coak|ioimd 8te»u-eiiguiea ou tiie Suker 
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system, consfcracted by Messrs. Carels FrSres. The cut-off is 
variable for the high pressure cylinder, and regulated by the 
governor. It is fixed for the low pressure cylinder. The high 
pressure cylinders are jacketed with boiler steam, the low pressure 
cylinders with steam from the intermediate reservoir. The 
engines are arranged to work with or without condensation. 

Diameter of high pressure cylinder 27 ins. 

ft »i AOW y, ff . . • . ■ 4U If 

Stroke 87J „ 

Revolutions per minute (normal) 60 „ 

The speed can be regulated by the governor to anything 
between 30 and 75 revolutions per minute. The speed is de- 
termined automatically, according to the demand for pressure 
water. In addition, the accumulators govern the engines, so 
that if at any time there is no demand for water the engines 
are stopped, and start again automatically as soon as the flow 
in the mains recommences. The discharge from the j^umps is 
13*7 gallons per revolution at 52^ atmospheres. Two engines 
are at present installed, but there is space for a third. The 
pumps are driven by the prolongation backwards of the piston 
rods. The pumps are on the Riedler system, with differential 
action and valves closed mechanically^ The pump plungers are 
8 ins. in diameter. The accumulators are of special cast iron, with 
rams 20 ins. in diameter, and 23 feet stroke. The engines, pumps 
and accessories have been constructed by Messrs. Carels Fr^res, 
the finish being perfect, and all the parts rigorously interchange- 
able. The steam is supplied by five boilers, each having two 
furnaces (internal) with corrugated flues and 16 ' Galloway ' tubes. 
The steam pressure is 8 atmospheres. The boilers were con- 
structed by the Soci6t6 Anonyme de Chaudronnerie at Lidge. 

The distributing mains for the pressure water are steel pipes 
of 11*8, 7*5, 5*85, and 51 5 inches diameter. These pipes are 
all tested to 150 to 200 atmospheres. The flanges, T-pieces, 
and junctions are of steel. The distributing mains will have an 
extension of about 7^ miles, and it is intended that there shall 
be about 12 electric sub-stations. Each sub-station will dis- 
tribute electricity over a radius of 1,600 feet by underground 
conduits, which will have an aggregate length of 10 miles. 



CHAPrEH IX 

TltAmMISSIO.V OF POWEJl BY COilPRESSED AIR 

Compressed air bus been employed in engineering opemtions 
for a long period, but it is only recently that its capabilities 
have been adeqaat.ely recognised. Tlie earliest important ap- 
plication of compressed air was for diving. Diving-bells are 
believed to have been used in the sixteenth century, and 
Smealon in 1786 and Rennie in 1612 used tliem in important 
tindertakings. Cubitt employed compressed air in sinking the 
piers of llocbester Bridge in 1851, and Brunei used a similar 
method at Saltash in 18>jt. Compressed air was used in 
driving the Thamea Tunnel by Brunei, and Barlow employed it 
in the Thames subway. It has been largely used in tnnuelling 
operations since that time. The shaft of the Marie colliery at 
^raiug was sunk by meanB of compressed air by the Suci6t6 

jierill in 18olj. 

The use of compressed air in tJtLUSporting goods was 8Ug 
1 by Medhurst in 1810 and Vnilance in 1818. Some 
Illy pneumatic railways were built. iSimilar methods have 
adopted in recent years for transmitting messages and 

»1b in Ijondon aud Berlin. 

Papin seems to have considered the transmission of motive 
vacunm method in IG88. Triger trunsmitt-cd 
Botive power by compressed air a distance of 7J0 feet at the 
mines of Cbolonnes in IBio. Soon after compressed air was 
used in several collieries. The greatest impetus to the applica- 
tion of compressed air for transmitting power was due to its 
adoption for working the boring machinery at the Mont Cenis 
Tunnel. M. SomraeiUer, in association with M. Ki-aft, made 
extensive experiments on compression at the Cockerill works at 
Seraing. On data so obtained the whole of the machinery for 
compressing, transmitting, and utilising compre^ed aii' at Munt 
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Cenis was designed and constructed at Seraing. At first a 
kind of hydraulic pneumatic ram was used for compression. In 
1861, this was superseded by water-piston compressors driven 
by turbines. The air was transmitted a maximum distance of 
20,000 feet to work the drills. 

The air pressure used was seven atmospheres (105 lbs. per 
sq. in.). There were at Mont Cenis air motors worked expan- 
sively, the cylinders of which were heated externally to prevent 
freezing. In the construction of the St. Gothard Tunnel, in 
1872, still more powerful air-compressing machinery was 
employed. The compressors were at first designed to be of 
small size, to run at a high speed, and to be cooled externally. 
But with a short stroke and quick speed there is not time for 
the heat developed by compression to be abstracted through the 
cylinder wall, and a spray injection suggested by Professor 
Colladon was added. 

In 1877 Mekarski used air compressed to twenty-five or 
thirty atmospheres in conjunction with a small amount of high- 
pressure steam to drive tramway cars, and Mekarski was one of 
the first to use compound compressors. 

In 1877 at Vienna and in 1881 at Paris, M. Popp installed 
a system for working and regulating a great number of 
clocks, by impulses of compressed air conveyed in pipes from 
a central station. A demand arose for a supply of the com- 
pressed air for working small motors, and this proved so 
successful that there has been developed in Paris the most 
important system of power distribution hitherto carried out. 
In Paris, motive power is transmitted to industries of every 
kind over a large area by air compressed at a central station, 
and even sub-stations for electric lighting are driven by 
.air motors. It is interesting that in Paris a system of distri- 
buting motive power by vacuum, carried out by M. Boudenoot, 
has been successfully in operation since 1885. The motors are 
worked by atmospheric pressure, and exhaust into pipes in 
which a vacuum is maintained by air pumps at a central 
station. A system of pumping sewage at a number of scattered 
sub-stations by compressed air, supplied from a single com- 
pressing station, has been developed by Mr. Isaac Shone, and is 
in operation at several towns in this country and the United 
States, and at Kangoon. 



Compressed-air traneituaaioa is a perfectly geuerol metliod 
of distributing power for all purposes. Whether in any given 
case it is the most advantageous, the least wasteful of power, or 
the cheapest in working coat, depends on various c i re u in stances, 
M. Hnnarte believes that it is and will continue to be the most 
economical method of transmission to considerable distances.' 
The loss in the air mains is very small. The motors worked 
exptitisively are efficient. The mains can be carried by any 
path, and ditfereDces of elevation between the compressing and 
working points do not sensibly affect the result. In hydraulic 
transmission the water must be collected, stored, and in some 
cases filteredj and having actuated a motor, means must be 
found for removing it, But air is everywhere available, and 
can be discha^ed anywhere without causing trouble. Com- 
preased air has peculiar advantages in the case of underground 
transmissions. It has been used to replace manual laljour in 
situations where hardly any other motive power could have l>een 
employed. In driving a tunnel at a mine at Sacramento, for 
instance, the cost was reduced to one-half, and tie rate of boring 
was three times as fast when compressed-air machinery replaced 
hand laliour. In such cases the advantage is so great, even with 
uneconomical machinery, that the inducement to adopt very 
perfect machinery is absent. Hence much of the air-corn pi-essing 
plant at mines has been unnecessarily inefficient and wasteful of 
ptiwer. In many cases air-compressing plant has been driven 
hy water power, and this also has tended to a neglect of the 
conditions necessary for economical working, Mr. Savage 
argae«, with reference t-) the Terni Steel Works,* that the 
common objection to the use of compressed air on the ground of 
waste of power loses much of its force when the compressors are 
driv<'n by an almost costless supply of natural energy such as 
water power. It is unfortunate for the reputation of ihe system 
of transmission by compressed air that the rough purposes to 
which it has been applied, the indifl'erence to waste of power in 
mining and tunnelling operations, and the preference for simple 
and cheap machines, have delayed and hindered the improve- 
ment of compressed-air plant. 

•UsiOD iln travail iL distance par I'air coniprim6 ' ; Ony/rh Inter- 
\lde Xtfeanique Appliguie. Paris, J8!>3. 

■a Steel Works,' Savfige ; Proc. Jntt. Civil Bttjintert, vol, iciiL 
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A good deal was done to improve lair compressors by 
Sommeiller, by Dubois and Franpois, and by others, in the large 
plants constructed for Mont Cenis, for the St. Gothard works, and 
for some collieries. In the distribution of power in towns still 
further consideration has been given to the question of economy 
of working. But here again it has been very unfortunate that, 
in both the great installations in Paris and in Birmingham, there 
were conditions of development very unfavourable to the com- 
plete and fair trial of compressed air as a means of transmission. 
It is reasonably certain that with greater attention to scientific 
principles better results are attainable than have hitherto been 
reached in the use of compressed air. 

For the special purposes to which power distribution is 
applied in London, the high pressure hydraulic system has 
great advantages. Where local conditions permit the construc- 
tion of high level reservoirs, a system, like that in Zurich and 
Geneva, of hydraulic distribution is perfectly successful. Bat 
in more numerous cases compressed air is likely to prove prefer- 
able to hydraulic transmission. It is also the most important 
rival of electrical distribution. There are at present compara- 
tively few cases where electrical distribution of power has been 
carried out, and though enough is known of the capabilities of 
electrical transmission to show that it could be adopted on a 
large scale with complete mechanical success, the cost of dis- 
tribution of power by electrical methods is at present very im- 
perfectly determined. For long distance transmission, and 
where cheap overhead conductors can be adopted, no doubt 
electrical methods have an important field of application. But 
up to the present time, and excluding transmissions for lighting, 
an enormously greater amount of power has been actually dis- 
tributed by compressed air than by electricity.* So far as can 
be judged at present, in the case of distribution of power in 
towns, and especially where work has previously been done by 
steam-engines which can be converted into air motors, in such 
cases compressed air is likely to prove a more convenient and 
cheaper means of power distribution than electricity. 

General Considerations on Compressed Air as a means of 

> It has been stated by Professor Laptpn that six makers of compressed air 
machinery in England have manufactared compressors working to an aggregate 
of S2,300 h.p. 
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has considered the case of the transmission of 70,000 h.p. from 
Billancoart to the Place de la Concorde at Paris, a distance of 
4^ miles.* He comes to the conclnsion that air mains would 
cost 112,000Z., while electric mains worked at 2,000 volts would 
cost 700,000Z.* Even if the energy were required at the terminiis 
in the form of electricity, he concludes that it would cost 20 
per cent, less to transmit by compressed air and generate 
electricity at the terminus, by dynamos driven by air motors, 
than to generate and transmit the electricity from Billanooort. 
As to loss of energy in the mains, electricity has little ad- 
vantage over compressed air. The pressure loss in the mains 

• Solignac, * Transport de I'finergie par Tair coroprim6 ' ; Congrks Inter" 
national de MScaniqtte Appliquie, PariB, 1893. 

^ Estimates widely different from this will be found, especially in com- 
parisons of the cost of electric and air transmissions made by electrical 
engineers. For instance, there is such a comparison in the report by Messrs. 
Zweifel ani Hoffmann on a project for the electrical distribution of power in 
Miilhaiisen {Memolres couroiutSs par la Societe IndustrieUe de Mulkruf^t 
November, 1892). The following is the comparison given : — 

Let it be required to transmit 500 h.p. 2,000 metres. The coet of install^' 
tion will be as follows : — 

Air Trans misaion 

Fr. 

For the compressor 12,000 

Two thousand metres of main, 400 mm. in diameter, 

laying included 120,000 

Air motors and re-heaters 65,000 

Fr. 197^ 

Electric Transmission 

Fr. 

For the dynamo 50,000 

Four thousand metres of cable, 120 mm. in section . . 32,000 

Accessories and erection 8,600 

Electric motors 40,500 

Fr. 140,000 

It will be seen that for transmitting 500 h.p. an air main of 16 inches 
diameter is assumed ; but in Paris it has been shown that 90 cubic feet of air 
compressed to 5 atmospheres (450 cubic feet reckoned at atmospheric pressure) 
will yield one h.p. hour, in a not very perfect converted steam engine motor; 
that is '025 c. ft. of compressed air, or 0*125 c. ft. of air reckoned at atmo- 
spheric pressure, per second per h.p. But a main 16 inches in diameter, at 
velocities actually used, would transmit 1*4 x 50 = 70-0 c. ft. of compressed 
air per second : it would therefore carry 2,800 h.p., iostead of the 500 wbieh 
Messrs. Zweifel and Hoffmann assume. If their estimate of the cost of the 
air main is divided by five, the relative cost of compressed air and electiio 
iransminion will look very different. 
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(a town distributioD is insignificant. In the Paris Bystem the 
irincipal mains have an extension of .jj,000 metres (31 miles). 
i loss of pressure between St.-Fargeau and the most distant 
aint of tlie main rai'ely i-eaches 8 Iba. per Bq. in. The safety 
n air main is obvious, and even a leakage or burst of the 
1 is much less serious and attended with less damage than 
ut of a water or steam main. Air leakage is less dangerous 
tan electric leakage. When an air diatributioB is introduced 
1 a town, power users do not require new plant and ueed incur 
a outlay for motors. The boilers, with all their attendant dis- 
arantages of stoking, removal of ashes, cleaning, and risk of 
kplosion, are dispensetl with, and the steam-engine, with little 
Pteration, serves as an air motor. If an electric system is 
tduced, the old motors must be removed and new motors 
rchased. ' Further, if electric motors are themselves of high 
Bciency, they run at a high speed, and in most cases there 
l> considerable loss in the gearing required to adapt them to 
diuary purposes. 
In regai-d to adaptability to various requirements, compressed 
air is in a veiy advantageous position. Electricity supplies 
power and light, but it cannot be used for supplv-ingheat, except 
at a cost prohibitive in most applications. Gas supplies heat, 
power, and light. But for lighting it is open to obvious objec- 
tions, and for heating and power it is expensive. Pressure water 
supplies power, and indirectly light, if a motor is used to drive a 
dyimmo. But except where cheap water power is the original 
source of energy, it is too expensive for most purposes where 
motive power is required. Steam supplies heat, motive power, 
4»nd indirectly light if a steam motor is used to drive a dynamo. 
But it ia more expensive than compressed air, and involves more 
risk and attention. Compressed air can be supplied so cheaply 
that not only can it be used directly as a source of motive power, 
where that is the commodity required, butit can be advantageously 
used to drive sub-stations and private in.'stallatious for generating 
electricity for lighting purposes or for working pumps and 
ventilating-fana. With a water-cushion between the air and 
the lift ram, compressed air is as convenient for working lifta 
us pressure water. It has been used in working cranes at the 
Cockerill works for forty years. Compressed air is not directly 
"ijwnrce of heat, but used for blowing purposes it is an extremely 
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useful adjunct tx) famaces. In Birmingham, smiths' fires and 
cupolas have been worked direct from the air mains without 
any blowing machinery. A small jet of high pressure air induces 
a large stream at lower pressure. In Paris compressed air has 
important applications for refrigerating purposes. Besides large 
refrigerating stores in some restaurants, an air motor is used 
for driving a dynamo for lighting purposes, and the cooled 
exhaust from Ijie air motor is used to cool chambers in which 
rood is stored. Lastly, compressed air is already used in work- 
ing tramways, and it appears likely that larger applications of 
this kind are possible. 

Gerceral Arrangement of a System of Compressed Air Trans- 
mission, — The arrangements include — (1) A compressing plant 
driven by steam or water power, with air reservoirs of more or 
less capacity to diminish momentary fluctuations of pressure. 
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Fig. 46.— Diagram op Pneumatic System. 

The compressors usually require the addition of cooling arrange- 
ments for absorbing the heat developed in compression. (2) A 
system of air mains for distributing the compressed air to the 
working points. (3) Air motors driven by the compressed air^ 
and sometimes provided with re-heaters, to increase the work 
done by the air and diminish the cooling during expansion. 
It is necessary, therefore, to consider the construction of com- 
pressors and their efficiency, the construction of mains and the 
losses in transmission, and the construction of air motors and 
their efficiency. 

Fig. 46 shows diagrammatically the arrangement of a systenv 
of compressed-air transmission, with one motor system driven 
from the main. The circuit is, of course, an open one, no- 
return main being used. 

Properties of Air, — Let P be the pressure (absolute) in Ibs^ 
per sq. ft., v the volume of a pound in c. ft., and T tiie absolute- 
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tnperatare in Fahrenheit degrees. These quantities are con- 
1 by the relation 

pv=53*2 T, 

i P, V. T. be corresponding quantities for air at ordinary 
stmospberic temperature and pressure. It will be assumi'il that 
ordinary atmospheric air before compression is at a tempera- 
tar© of 60° Tabr. or ■'ii2l° al»olute, and at a pressure of 
Illti'S lbs. per sq. ft. For these conditions 
p,. v, = 53-2 X 521=27,710 ft. lbs,, 
d the volume of a pound of air is 
V, = 13-09 c. ft. 
Action in the Com^iresHir. — Consider for simplicity a single- 
acting compressor which receives and discharges a pound of air 
in each revolution, and let the effects of clearance and the 
resistances of the passages be neglected. 

Let P,. V|, T[ be the absolute pressure in lbs. per eq. ft., the 
rolume of a jjound in c. ft., and the absolute temperature of the 
air after compression ; 

P.I v., T, tlie same quantities for air before compression ; 

/), and }i„ will be used for the corresponding pressures in 
Iba, per sq. inch ; 

J- = v„/v, is tihe ratio of compression, a quantity determined 
by the mechanical construction of the compressor ; 

p = Pi/p, =Pi/j'b may be termed the compression- pressure 
ratio. It depends on r, and also on the thermo-djnamic con- 
ditions of the compression. 

Fig. *7 shows the indicator diagram of such a compreesur. 
During the suction stroke a volume v., at pressure p. is drawn 
into the compressor cylinder. During compression to tlic volume 
V|, the pressure rises according to some law expressed by the 
cnrve II c. Finally, the air is expelled into the mainn at the 
presanre p[. In general, the compression curve will lie between 
two curves n F, D G, corresponding to two limiting cases. If 
heat is abstracted from the air during compression, so that tint 
temperature remains constant, the comprsssion curve will ho 
B isothermal i> F defined by the relation 



p V = constant 



= 27,710. 
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If no heat is added or abstracted during compression the tem- 
peratare of the air will riEe, and the compression curve will be 
the odtabatic D G defined by the relation 

p v = constant, 
where 7 = 1-41. 

In ordinary compressors the curve lies between d f and D G, 
and approximates sufiBciently to a curve defined by the relation 

P v" = constant, 
n having a value between 1 and 1'41, 




Fig. 47. 



The whole work of a complete double stroke consists of three 
parts : — (1) The work cade of the atmosphere on the piston 
during the suction stroke ; (2) the absolute Work of compression 
K D c H ; (3) the work of expulsion of the air into the mains 
H c B o. The effective work is the sum of these 

— OADE + EDCH + HCBO, 

that ia, the shaded area A B c D. 



■ C'l*) of Inotliermal Cffmprestiion. — It will bn shown presetitly 
b the most economical compressor mfchauically would be one 
in which heat Is abstracted during compression, so that the 
corapreasion is isothermal. In that case the effective woik in 

f. 48), since r v = constant, 

= f,, v„ lo?. 



. + 1\ V 



or exactly etjual to the absolute work of conipresvion hfoe. 
^t the heat nbatracted during compression is equal to the same 




qnantity. Hence the curious result is arrived at that in the 
moot economical compression, the eR'ective work of eompi-ession 
is entirely abstracted as heat and wasted. All the compression 
does is to put the air la a condition to do work in a motor at 
th« expense of its intrinsic energy. In that way there is 
obtained on amount of work nearly ec[Onl ti> the work done in 
compression. But the work in the motor is not strictly the 
reaioration of the energy expended in tba compressor, but 
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energy borrowed from the air. Hencd the conditions of trang- 
mission of power by compressed air are different from those of 
transmission by pressure water. 

Case of Adiahatic Compression. — ^The volume of one pound 
of air at the final pressure Pj will be 

The absolute work of adiabatic compression is per pound of air 

Pi Vi - P. V. 
7-1 • 

Hence the effective work in one revolution of the compressor 
«(abgd, fig. 47) is 

• Pi v, — P„ V. . 

. • • ^ ? 4- p. V P V 

ry ^ 1 ^ M ^l ^a^* 

= 95630 [/3^29 « ]] foot lbs. 

Case of Partially Cooled Compression. — The general equation 

for the work expended in compression is the same as for 

adiabatic compression, if n is substituted for 7.* If the index 

of the expansion curve is n = 1*25, the work expended per 

pound of air is 

138550 0^2 - 1] foot lbs. 

Rise of Temperature during Compression. — For isothermal 
compression the temperature is constant. In any other case 

n- 1 

Ti = 521/3 u 

For adiabatic compression substitute 7 for n. The rise of tem- 
perature is considerable, as the following table shows : — 



> Let Pa Va Ta Correspond to the initial, and P, v, T, to the final, con- 
-ditions in any compressor. Then 

^ _ l og CP,/Pa^ 

log (P,/Pa) 



log (P|/Pa) + log (T^T,) 
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Unnecessary Waste of WorJc in Heating the Air in the Com- 
pressor. — If the oompressed air were used in a motor directly 
adjacent to the compressor, in its heated state, there would be no 
necessary loss dae to rise of temperature doring compression. 
Commonly the air is used at a distance, and has cooled from t, 
to atmospheric temperature t^ and shrunk in volume finom B c 
to B F (fig. 47) before reaching the working point. The most 
economical compression for air transmission would be isothermal 
compression. The area F D c represents work expended in the 
compressor which is wasted before the air is used. 

It can be shown that the work wasted in heating the air in 
the compressor above its initial temperature, when the expan- 
sion curve is given by the relation 



IS,— 



p yn s= constant, 
n r ^~— "1 



p.v^ for air taken from the atmosphere = 27710. The work 
wasted is given in foot pounds per lb. of air compressed. 

Work Wasted in Heatiko ix Compbessob peb Pound of Aib 

compbessed 



1*. 


j,.=ft««^ofoaarpr«^ air ^^,, ,^^ , 


Adiabatic Partially cuoled 
AlMolate Bj gauge comprewion comprenioii 

ii = l-41 « = l-25 


2 

4 
• 


29-4 
68-8 
88-2 


14-7 0077 PaVa 0052 PaVa 
441 j 0322 „ 0-209 „ 
73-6 1 0-5«2 „ 0-363 „ 
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It will be seen that the loss increases rapidly, almost as the 
square of the ratio P|/Pa. This rapid increase of heating loss 
has led many constructors to advise the use of very low working 
pressures in compressed-air transmissions. But that involves 
an oversight. The increased loss at the compressor, due to a 
higher working pressure, is partly balanced by an increased 
efficiency of the air motor, so that low working pressures are 
not necessarily most economical for the whole system. 

Efficiency of Compressor and Motor Comfnned. — If the air is 
compressed isothermally, as it very nearly is in modem compound 
compressors, then the question arises how much work is 
obtained in the compressed air motor. If the air is used non- 
expansively, as in the smaller motors used in Paris, and in much 
compressed-air plant used for rock-drilling and similar purposes, 
the work done in the motor, neglecting valve resistances and 
friction, is simply the admission work Pj Vj, less the work of 
expulsion, p' v^ That is, the work obtained is 



^«^-(^-r;) 



Then the efficiency of combined motor and compressor, with the 
most perfect system of compression, but with non-expansive 
motors, and neglecting all subsidiary losses due to clearance, 
resistance in mains, and mechanical friction of compressors and 
motors, would be 



1-?= 



V = 



log. 



P, P loge p 



^Pa 



Pi =2 3 4 6 8 10 atmospheres 
V =0-72 0-61 0-54 0-46 0-42 039; 

the practically realised efficiency would be, of course, materially 
less than this. 

The efficiency diminishes rapidly with increase of initial 
pressure, and it is the use of bad and inefficient air plants of this 
kind which has given compressed air a bad name, and made 
engineers hesitate to adopt high working pressures. To obtain 
good results the air must be used expansively. 

Suppose the air compressed isothermally and then expanded 



in tho motor down to atmospheric pressure withont gain or loss 
of heat, nearly realisable conditions, and let clearance and loss 
in mains be neglected, as well as friction. Then tie indicator 
(liagmmof the motor (6g. -IS) will be ABFM. the expansion curve 
being an adiabatic fm, and the air cooling doring expansion. 
Tlie efficiency of the whole arrangement will be the ratio of the 
ai-ea AiiFM to the area abpd. It is easy to show that that 
ioiency will be given by the eqnation 



15,600 [!-(&)"•] 
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7t is obvious from the diagram that, even if the ratio of expan- 
sion in the motor is not (juite great enough to i-educe the air to 
atmospheric pressure, the loss of work is not very great. 

Practically, it is necessary to use gauge pressnres of i-b lbs. 
per sq. in. at least, that the machinery may not be too cumbrous, 
The calculation showa that when using the air properly much 
higher working pressures may be adopted without serioua 
increased loss of efficiency. 

Mtslhridn of Coollwj the Air during GoTHpresnion. — Various 

means have been adopted to cool the air during compression, 

_and so to reduce the unnecessary heating loss. Sommeiller 

pled water pistonB, the air being displaced by a mass of 

r driven by an onlinary solid piston. The water directly 

brba part of the lieat, and the cylinder walls are kept cool 

f moiat. In the early compressora of this type very goo3 

nlta as regards eSicienc^ jnU|jglAdBa^^ But the Mont 

~s compreaaora were wO(d|^^^^^^^^|HHM|»And were 
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cumbrous and expensive for the amount of work done. It may 
be stated, however, that Mr. Leavitt still uses water piston 
compressors at the Calumet mines, and by giving suitable fonn 
to the pistons and passages he succeeds in running them at a 
good speed, and obtains a very satisfactory efficiency. M. 
Hanarte also, in France, has constructed water piston compressors, 
with paraboloidal chambers in which the energy of the water 
pistons is quietly diminished, and shock and loss of energy are 
avoided. 

At the St. Gothard Tunnel works compressors of a less 
effective type were adopted. The compressor cylinder was dry, 
but was surrounded by a water-jacket. Air does not part with 
heat readily to a metal surface, and the heat produced was very 
imperfectly abstracted. Later a method proposed by Professor 
Colladon was adopted. Water was injected in a fine spray into 
the cylinders, and a much more powerful cooling action was ob- 
tained. To some extent, however, the cooling is deceptive, as 
it takes place late in the stroke and during discharge of the air, 
and the compression curve is not lowered as much as it 
should be. 

In order that the expansion may be isothermal, an amount 
of heat must be removed equal to the work of compression. 
That is— 

Pa Va loge -^ foOt Ibs. 

= 35-61 loge p Th. U. 

If there is only a small rise of temperature, the heat removed 
will not be very different. Suppose the injection water received 
at 60° and discharged at 100°. Each pound will remove 40 
Th. U. Hence the amount of injection water in pounds per 
pound of air compressed must be 
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in passing through the intercooler it shrinks in volume from 
H E to H D, the point D being on the isothermal, if the cooling 
surface is sufficient. It is then further compressed top^ in the 
high pressure cylinder. The worksaved by intermediatecoolingis 
the area E D c G. The adoption of these intercoolers is important, 
because it removes the chief objection to the adoption of high 
working pressures in air transmissions. 

Let T^ be the absolute temperature at which air is admitted 
to either cylinder ; Tj and Tj the temperatures at the end of each 
stage of compression ; p., pj, p^, the corresponding pressures in 
lbs. per sq. in. Then, if the compression is adiabatic, 

0-39 



T \pt,^ 



= 191,260[(ft)""-,] 



TiT^rsT *( ^ ) ss constant. 
The final temperature will be lowest if Ti=t,, whence — 

which determines the proportions of the cylinders. The total 
work of compression for the two stages is per pound of air — 

95.030 j[(ar-,]4(a)-_:]l 

) 0-146 

The ratio of the volumes of the cylinders, if the above condition 
is satisfied, is simply 

Pil P.'^VipJp.)' 

The Influence of Clearance Space in Compressors, — The clear- 
ance space diminishes the amount of air delivered, so that a 
larger compressor is necessary for a given output. The air com- 
pressed in the clearance space to p, expands as the piston 
returns, and prevents the opening of the suction valves till its 
pressure has fallen to p^. There is no direct diminution of 
efficiency, because the work of compressing the clearance air is 
given back in the return stroke ; but indirectly it diminishes 
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eiency, because Liie larger the compreBsor the more work is 

Bted in'friction. 
Let V be the volaine deacribed by the piston per single 
stroke, cv the clearance volume. The expanding air takes heat 
from the cylinder walls, so that the expausiou is nearly iso- 
thermal. Then the clearance air cv at j.i^ expands to (j>i/j'.) cv 
= pcv during the tiret part of the return stroke. The anioant 
of air in the cylinder at the end of the auction stroke ia v (1 + c), 
so that the amount of air which enters and is delivered per 
stroke, reckoned at atmospheric pressure, ia — 



I 



V (1+c) —pcv 
= v-cv(p-l). 

The ratio of volume delivered to volume described by p 
volume efficiency is — 

,.=i-t(p-i). 



This diminishes as pjp^ 

pressure given by the relation 



ami becomes zei^o at acme 



1 

TTor instance, if the clearance is 10 per cent., the compressor 
will furnish no air if worked at 11 atniodpheres, and only half 
the volume described by the piston if worked at 6 atmospheres. 
The importance of reducing clearance is therefore obvious. With 
solid pistons in dry compressors some clearance is necessary ; 
but it may be reduced to 1 to 3 per cent, of the volume de- 
scribed by the piston, by careful design. With water-piston 
compressoi's the cleanmte may be reduced to zero, though at 
high pressurea an equivalent source of loss would arise from air 
absorbed by the water during the compression stroke, and given 
off during the return stroke. In compound compressors the eSect 
of clearance is diminished, because for each cylinder j»j/p„ is lees 
1 in a simple compressor. 

t due to Delayed Valve Adlon. — If the valves close too 
I, tiiere is reflux of air into the cylinder, or from the cylinder 
) the atmosphere, producing a diminished volume efficiency. 
B loss is similar to that due to clearance. If the valves open 
I, there is an excess pi'essure at the latter part of the com- 
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pression stroke, or a diminished pressure during the suction 
stroke, either involving a loss of work. With antomatic valves 
some loss of this kind is unavoidable. With mechanically moved 
valves there is also often some loss from the ports opening and 
closing too gradually. Professor Riedler's valves have an advan- 
tage in this respect. Generally, in compressors the suction 
passages have an area of one-quarter to one-sixth that of the 
piston, and the delivery passages of one-tenth to one-twelfth. 

Loss due to Heating Air during Admission, — In some compres- 
sors the air takes heat from the walls of the admission passages. 
The effect is to diminish the weight of air admitted per stroke, 
so that the volume eflSciency of the compressor is diminished. 

It is desirable that the air taken into the cylinder should be 
taken from a place where the air is as cold as possible. The 
following table gives the diminution of output for different values 
of the temperature of the air in the cylinder at the end of ad- 
mission : — 



Temperature of air at 
end of suction stroke 



Volume of air delivered 

reckoned at 60° and 

atm. pressure 



Loss of volume ddivered 

due to heating of air 

admitted per cent. 



o 
60 


100 




75 


97-5 


2-6 


90 


94-9 


61 


110 


91-6 


8-4 



The following table gives the results of some experiments on 
the delivery of a ' Dubois- Franpois ' compressor, with cylinder 
18 inches diameter, 48 inches stroke: — 



Piston speed 
ft. per min. 


Revs, per min. 


Air delivered at atm. 

pressure and temperature 

in per cent, of volume 

described by piston 

• 


80 


10 


94 


160 


20 


92 


200 


25 


90 


240 


30 


86 


280 

i 


35 


78 



Compressor Valves, — In most compressors simple automatic 
or fluid-moved valves are employed. The objection to them is, 
that they create a resistance to the passage of the air, which 
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a very serious at high speeds. If they ai-e loaded bo ae 

h close quickly by springa, they do not opeu enough to let the 

air puss wirhuut loas of pressure. Iii many compresBors 

mechanically-moved valves are employed; for iustance, elide or 

^^CorlisB ' valves moved by an eccentric, or better by cams. The 

^■mpresaor can then be ran foster, bub there is still ugaally 




resistance, due to the valves opeuitig and closing too slowly. 
Professor Riedler uses valves which open automatically and are 
closed mechanically. Fig. JO shows one form of these valves. 
This is a flap valve, so set that it has a slight tendency to open. 
B closed by a lever worked by a cam. 

The following table, giving dimensions of the 'Norwalk' 
Bpressors, may serve as a guide to ordinary proportions : — 

Table or Diubhsioks of 'Nobwalk' Comp&gbbobs 
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afio 


B.tl8ti 
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10 
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ThcK ore kdaptcd for tdi preasures ot 60 to 100 Ibe. per aq. in. 

J Mr. Peo/rtall'a Uydravlic Air Ci^itpresmuj Enghis. — Mr. H. 

j^Pearsall, api)arently incited by a study of the early hydraulic 
tam compressors of Somnit'ilk-r, h<is dctuuni^d a v.'n inlei'fhting 
hydraulic compressing euginr. in wbicb ■miu''--i-'l -lii'L-ily 

b]r a water-columu witlioii> 
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Fig. 51 shows this engine in section. A is the supply pipe 
by which water, with the enei^ dne to its descent from a 
higher level, flows into the appsratus. c is a large cylinder 
valve which, when open, allows the water to flow out into the 
tail-race, and, when shut, forces the column of water to rise into 
the compression chamber M. The colomn of water in the supply 
pipe is allowed to acquire velocity by 
outflow into the tail-race. The valve c 
j^k,^^^ is then mechanically closed, and the de- 
f J Ji Bcending column expends its energy in 

compressing the air in the chamber M, 
and discharging it into the receiver E. 
The cylinder valve c is actuated by a 
small air motor. The chamber H 
empties the water through the cylincler 
valve C, and fills with air through the 
air valve h, which is controlled by s 
float, E. The adjustment is such that the 
column of water can be made to come 
to rest at the instant when it reaches the 
delivery valve-plate. 

Mr. Pearsall claims that very high 
velocities of 6ow can be permitted with- 
out danger or loss of efficiency. Some 
experiments made with a small appa- 
ratus gave an efficiency of 80 per cent. 
The engine is simple, and there seems 
no reason why it should not have a high 
efficiency. But, till experiments have 
been made on a larger scale, it is im- 
possible to say what the delivering 
capacity of the machine in a given time 
is. Till that is determined, it is un- 
certain whether it would be more costly, or less costly, than 
ordinary compresBors worked by turbines. 

homes in Transmission. — The frictional resistances in a pipe 
conveying fluid are proportional to the density of the fluid. 
Consequently at equal velocities the frictional resistance of air is 
enormously less than that of water. Conversely, air may be 
transmitted in air mains withont serious fall of presBure at ten 
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f twenty times the velocity practicable with water in water 
Air at PO Iba. per srj. in. pressure ia about llo times 
Bfater than water, and the frictioiitkl resistance at ttqiial velocities 
■less than one per cent, of that of water. In air mains there 
nothing analogous to the hydraulic shock due to changes of 
)clty, which, as well as the friction, leads to a limitation of 
9 velocity of water in mains to 3 feet per second in most cases, 
t> feet per second in some cases. 

In air mains velocities of 30 to 50 feet per second are 

lowed without serious frictional loss. In consequence of tliis 

igh velocity, large amounts of power can be transmitted by air 

3 pressures, and in mains of moderate dimensions. 

Most of the hydraulic mains of the fjondon Hydraulic Power 

mpany are (3 inches in diameler, the pressure is 750 lbs. per 

|. in., und the velocity 3 feet per second. That corresponds to 

■e transmission of 90 effective h.p. by each main. But air at 

6 lbs. pressure per sq. in., with a velocity of 50 feet per second, 

tonld transmit loO effective h.p. in a main of the same size. 

Ehe largest high pressure hydraulic mains are 7^ inches in dia- 

and will transmit 1 tO h.p. But there is hardly any 

tnit to the si/.e of air mains, or the amount of power they will 

carry. The new Paria main from the Quai de la Gare to the 

Place de la Concorde, 20 ins. diameter and 7 kilometres in length, 

with air at PO lbs. pressure per sq. in., transmits 0,000 h.p. 

In the older Paris mains, which were carried through the 
sewers, and which had an exceptionally large number of bends, 
draining boxes and other sources of resistance, the frictional 
resistance, with a velocity of io to 30 feet per second, 
amounted to 2 lbs. per sq, in. per mile of main. It would be 
only in very long distance transmissions that the fall of pressure 
in the mains would be large enough to sensibly affect the 
efficiency of the system.' 

Aa to the precise way in which a fall of pressure in the 
mains influences the efficiency there is a word to be said. If 
air enters an air main at 60 lbs. per sq. in. gauge pressure and 
' M. SoligOB': Bays: 'Dons le r^seau de ta Compagnic Parisienne. qui 
compM 55,000 m&ire^ dc dgreloppement pouc la force motrice, 1& pert« de 
chat^ enlre Saiol-Fargeaa et le painl exu-eme de la conduiTe est 1 peine 
d'on kilogiamme ' (7 lbs. p«r fq. in.). This refers Io ordioary wgrking and Io a 
D forming a network. The stAtemcnt aUoTe gives the result of a direet 
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reaches the other end at 55 lbs. gauge pressure, there being a 
fall of pressure of 5 lbs. due to friction, then it is commonly 
stated that five-sixtieths of the energy of the air is wasted. But 
this is altogether erroneous, the statement being based on a false 
hydraulic analogy. With the fall of pressure in the case of air 
there is an expansion of volume which largely compensates for 
the loss of pressure. The intrinsic energy of the air from which 
the work of the air motor is borrowed remains constant. It is 
only because the air motor works against the pressure of the 
atmosphere, that the available energy of air at 55 lbs. is less 
than that of air at 60 lbs. pressure. 

Suppose that a given amount of work can be done by an air 
motor using a ton of air at 60 lbs. gauge pressure, or 75 lbs. 
absolute. The work expended in driving this motor, by a com- 
pressor adjacent to it, would be the work of compressing one 
ton of air to 75 lbs. absolute pressure. Now let the compressor 
be removed to a couple of miles' distance, and the air supplied to 
the motor through a main in which there is a fall of pressure of 
5 lbs. per sq. in. To do the same work as before, all that is 
necessary is that a ton of air should be compressed to 80 lbs. 
absolute pressure. The difference between the work of com- 
pressing a ton of air to 80 and to 75 lbs. absolute pressure is the 
loss of work arising out of the friction of the main, though it is 
not rightly described as energy wasted in friction in the main. 
This amounts with fairly good compressors to about 3 per cent. 

In comparatively short distance transmissions, such as those 
in towns, the loss of pressure in the mains is so insignificant 
that it may be neglected. In long distance transmissions an 
accurate estimate of the frictional loss is necessary. The author 
believes that he has shown, using data derived from careful 
experiments on twenty miles of main in Paris, that long distance 
transmission of power by compressed air is perfectly practicable. 
It is possible, with compressors driven by engines working to 
10,000 i.h.p., to transmit the air in a main of not unusual size 
a distance of twenty miles, and to obtain in motors worked by 
the transmitted compressed air from 4,000 to 5,000 i.h.p., if the 
air is used cold; or 6,000 to 7,000 i.h.p., if the air is re-he^ited 
before use. 

Air Mains, — The air mains are ordinary wrought-iron tubing 
for small sizes, and steel or cast-iron pipes for large sizes. M. 
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&il)giuu: gires the Mlowi 
' ■ ' ^TBaing in Paris. 



Q^i 



Qg as the dimensiona and cost of the 



e.jjrWroDghi ii 



21-90 (In carlli) I ^'"'•- '"•" 

It will be seen that cast-iron mains have been cbiefly used 
in Paris. Tlie new 20-iuch main ia a ateel main. In Birmiug- 
ham the lai'ge mains weiv of riveted wrought-iron. The 
principal diHicultj is the jointing of the lengths of main. For 
cast-iron pipes, and for the Birmingham wrought-iron mains, 
sockets with lead jointa hnve been adopted. But the variations 



'■'2%'-. 




^HlieDiperature in an air main are liable to be greater than in 
mter mains. In Binningham the variations of temperature 
were excessive. The expansion and contrnction makes lead 
joints leaky, and llie leakage at Birmingham is said to have 
amounted to 45 per cent, of the whole air supply. At Ports- 
mouth flanged jointa are used, and they are said to give no 
tn>able, but the distance of trausmission is comparatively small. 
The only joint quite suitable for air aupjtly is one adopted in 
Paris, and which is of a type described in Reuleaus's Con- 
structeur as the ' Normandy ' joint, The lengths of maiji have 
perfectly plain 'spigot ends. A kind of double stufBng-box is 
formed over the two pipe ends, the packing consisting of two 
india-rubber riDgs. I'ig. 52 shuws the Paris joint. The india- 
rubber is compressed by two rings drawn together by bolts, and 
is BO protected from access of air or water that it appears to lie 
irly imperishable. Perfect freedom of expansion ond cou- 
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traction is secured at each joint in the main. In the case of 
the Paris main (except some parts constructed in the sewers at 
an early date) the leakage is almost negligible. This joint 
appears to have been .perfectly satisfactory in Paris, and has 
been adopted at Offenbach and in other German systems of 
compressed air distribution. 

AIR MOTORS 

The air motor is essentially a reversed compressor. If it 
works without expansion, it is inefficient; if it works with 
expansion, the air cools and there is, in some cases, trouble from 
the formation of ice in the valve passages. Bounding the edges 
of the ports so that the ice can be pushed away diminishes the 
trouble. Heating the air before it enters the motor, or during 
expansion, entirely obviates it. 

Cooling duriiig Expansion in the Motor, — In order to show 

how important the cooling action during expansion in the motor 

cylinder is, temperature curves have been drawn in fig. 53 for 

expansion from various pressures down to atmospheric pressure, 

that is for what may be termed complete expansion. The full 

curves show the fall of temperature during adiabatic expansion, 

for which 

pyi-41 __ constant 

is the law of expansion. The dotted curves show the corre- 
sponding fall of temperature when some heat is supplied during 

expansion, so that 

pyi-25 _. constant 

is the law of expansion. If p, v, Tj are the initial pressure, 
volume of a pound, and absolute temperature, and v^ t^ v^ the 
corresponding quantities at any stage of the expansion, then 

Ti i^iVi \p,J 

where n has the values 1'41 or 125, according as the expansion 
is adiabatic, or with heat supplied as assumed above. 

The lower set of curves show the t-emperature fall when the 
air is initially at a temperature of 60^ Fahr. ; the upper set of 
curves, the temperature fall when the air is reheated before use 
to 200° Fahr. The following table gives the principal results. 
The temperature fall is given when the expansion is complete, so 
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that the terminal pressure in the motor is one atmosphere. 
Suppose that on account of ice difficulty, or for any other 
reason, it is desired that the terminal temperature should not be 
below 32** Fahr., then the table gives the limiting terminal 
pressure possible under that condition. 

The curves and the table show strikingly how limited is the 
possible range of expansion, with air not re-heated before use, if 



ATMOSPHERES 
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Fig. 53. 



the difficulty of a very low temperature of exhaust is to be 
avoided. On the other hand, they show how much the possible 
range of expansion is increased by moderate re-heating of the 
air before use, when the exhaust does not fall below freezing 
point. The effect of some heat supply during expansion, 
sufficient merely to alter the index of the expansion curve from 
1-41 to 1*25, is not very great on the terminal temperature. 
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Adiabatic Expansion 


1 Pabtially-Heatbd Expaksiox 


Initial Temp. 60° 1 


Initial Temp. 60° 


1 

Initial 

pressure, 

atmospheres 


Temp, after 

expansion to 

one atm. 


Pressure after 1 

expansion to 

820F. 


Initial 

presffliTc, 

atmospheres 


Temp, after 

expansion to 

one atm. 


Pressure after 
expaosioQto 


2 


- 36° F. 


1-66 


2 


- 8°F. 


1-6 


4 


-113 


3-3 


4 


- 66 


3 


8 


-176 


6*6 


8 


-117 


6-02 


Initial Temp. 200° 


InitiaZ Tmp, 200° 


2 
4 

8 


80° F. 
-19 
-99 


Complete 
1-46 
2-90 


2 

4 

8 


114° F. 
40 

-16 


Complete 

Complete 

1-82 



Types of Motors, — Some special rotary motors are used in 
Paris for very small powers. They are not economical, and are 
rather costly. Most air motors are simply non-condensing 
steam engines, working with air instead of steam. In such 
converted machines there is often not inconsiderable loss from 
leakage, especially piston leakage. In a steam engine the 
condensation on the cylinder wall helps to make the piston 
tight. Air motors are not in the same position, and extra care 
should be taken to prevent leakage. 

Several methods may be adopted to diminish the cooling 
difficulty and to increase the efficiency of the motor ; one is to 
inject warm water into the motor cylinder in spray. The air 
takes heat from the water during expansion, reducing it in 
temperature to 32°. The good effect due to injecting even 
moderately warm water is considerable. The following short 
table gives the heat which must be given to the air to keep its 
temperature, during expansion down to atmospheric pressure, 
from falling below 32° ; also the number of pounds of water 
which must be supplied per pound of air, if only the sensible 
heat of the water is utilised : — 



Absolute pressure 
of air, 


Heat requireil i 
per pound of 


Pounds of water per pound of air, water 
supplied at 


lbs. per sq. in. 


airiuTh.U. | 

1 

63 


75« , lOO* 

1 

1-23 ' 78 


160° 

1 


29-4 


•45 


58-8 


106 


246 1 1-56 


•90 


88-2 


137 


3-20 


200 


116 


117-6 


160 


3-72 


2-35 


1-36 


1470 


176 


4-10 


2-60 


1-60 



InjecHim of Steam Into Ike CylindeT of the Air Motor, — Steam 
has an enormous advantage over warm water as a meaua of 
diminisiiiiig cooling daring expansion, because it enters in a 
form extremely convenient for distributing the heat tliroughout 
the mass of air, and because the steam gives up its latent heat 
to tlie air. If we suppose the steam merely at atmospheric press- 
nre. which is accurate enough for an approximate calculation, 
then each pound of Steam received at 212° and rejected at 32° 
will give up 1,146 Th. U. Hence, making the same calculation 
as before, the following table gives the weight of steam which 
mast be injected per pound of air to prevent the temperature in 
the motor cylinder from falling below freezing point. 



In ItK pur (q. In. irf ^ lu Tti. IJ. per ponod of tit 


2U-4 
58-8 
88-2 
11TB 
H7-0 


G3 1 -046 
106 -093 

13T 'lao 
:bo 'UO 

ITfl -131 



Jie-heatiiig the Air befofe IJge. — If the air is lieated before 
entering the motor, the proctical difficulty due to the cooling in 
expansion la entirely obviated, and an increase of the efficiency 
of the motor is obtained, which is of the greatest economical 
importance. The air when heated expands, and less air is used 
per stroke. Whether it is economical or the reverse to heat the 
air before use depends on this : whether tlie additional work 
obtained is more or less valuable than the coal expended. 
Experience shows that it is extremely advantageous eco- 
nomically to re-heat the air. The heat supplied is used with 
great efficiency, and a larger fraction of it is converted into 
work than in ordinary heat engines. Fnrther, very small, easily 
managed, and simple re-heating apparalus can be employed. A 
simple coil of pipes, with a small furnace capable of beating the 
air current 300° Fahr., may increase the work done per pound 
of air by 2-j or 30 per cent. The heatj according to the esperi- 
nents of Riedler and Gutermuth, is used five or sis times as 
efficiently as heat supplied to a good steam engine. 

Fig. 5i shows a simple form of re-heating oven. The com- 
f re^cd air passes through a double spiral pipe c. The furnace 
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gases rise Ihrongh tlie centre of the coil and descend on the oat- 
side in a cast-iron casing, with a spiral diaphragm or rib. The 
grate is at F. The air discharged from the motor M may be used 
to create a chimney draught. This has the adrantage that the 
draught varies with the amount of work done. As air does not 




readily take up heat from metal surfaces, it is advantageous to 
introduce a small quantity of water into the spiral pipe of the 
re-heater, The water is evaporated into steam, and in the motor 
the steam condenses, giving back its latent heat to the expanding 
air. The water may be supplied from a reservoir above the 
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which the air pressure is admitted so that the water 
(nds into the heater by gravity. The reservoir can be re- 
mled by shutting olF Die air preasure. Steam thus used is 
ftxtrcmfly efficient in increasing the work done by the air, and 
profjably the moistnre in the cylinder helps to prevent wear and 
leakage. 

In some simple re-heaters tested by Professor Gutermuth in 
Paris, the air was heated from temperatures of 45° to 122° up 
totetnperatnrsaof 224." to3G3°. From 8,035 to 10,070 Th. U. 
were given to the air per pound of coal used. Abont o,2uOTh. U. 
were transmitted to the air per hour per square foot of heating 
Bnrface. 

ComHiialu/n of a Gas Motor and Air Eiu/hie. — In a scheme 
for distributing power, chiefly by compressed air, for the town 
of Dresden, Dr. ProU proposed to work an electric lighting 
station partly by air motors and partly by gas engines. The 
ordinary re-heating apparatus for air motors is not very convenient 
in this case, in consequence of the great variation in the demand 
for power. Hence Dr. PrSll adopted the plan of combining 
gas engines with air motors. The gas engine is itself a very 
efficient and convenient motor for an electric lighting station, 
because it can be put in action or stopped according to the 
Tariation in the demand for power, and there is no waste like 
that due to keeping boilers in st«am re-ady for use. l!ut in 
gaa engines a very large fraction of the heat developed is 
necessarily wasted in the wat^r-jacket. Dr. PrOll proposed 
to abolish the water-jacket and to take the compressed air 
through the gas-engine jackets to re-heat it on its way to the 
air motors. In addition, the hot gases rejected from the gas 
engine were to be used in the jacket of the air motors. Un- 
ionbtedly by the combination of the gas engine and ti:6 air 
motor a quite remarkable thermal efficiency could be obtained, 

It may be questioned whether it would not be better to take 
the exhaust of the gas engine dirt'ctly into the aircorrent. Then 
the gaa engine would work with a heavy back pressure, hut the 
work so lost would be recovered in the air motor. In a paper 
oa compressed air,' the author suggested re-heating by the 
f gas in the air current, fo that the whole of the heat 
a utilised without chimney losses. Some attempts have 
n of Tower liy CompresseiJ Air," Proe. Irut. C. K, vol. sclii. 
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since been made in this direction in America. Fig. 55 shows a 
small petroleum burner used in the air main supplying com- 
pressed air to rock-drilling machinery. 

Meters for Measuring Air supplied to Oorwitmar^.— Various 
types of meters have been used in compressed air systems. 
Veiy accurate displacement or positive meters can be constructed, 
but they are costly. Hence (^ inferential meters, which are 
virtually air turbines driven by the air current, are more 
commonly used. Fig. 56 shows an arrangement designed by 
Mr. Abrahams, of the Birmingham Compressed Air Company, 
which is stated to have worked with an accuracy within 1 per 
cent. With a simple fan or turbine driven by the air current 
the velocity of the meter is not proportional to that of the air 
current, in consequence of the friction of the meter. If set 

to be right at a mean velocity, it over- 

3 . registers with a fast current and under- 

^_^ registers with a slow current. Mr. 
^ Abrahams added a kind of pendulum 
governor, the balls being replaced by 
hemispherical cups. The governor 
creates a resistance increasing with the 
radius of the circle in which the cups 
revolve, and therefore with the speed 
of the meter. This extra resistance may be made to balance 
the tendency to over-register. 

Cost of Worlcing with Compressed Air, — Air motors can be 
obtained erected complete for two-thirds of the cost of a steam- 
engine and boiler. In the very imperfect small rotary motors 
in Paris, the consumption of air compressed to five atmospheres 
(75 lbs. per sq. in.) is 750 to 850 c. ft. of air at atmospheric 
pressure per effective h.p. hour. Old steam-engines converted 
to air motors use 450 c. ft. of air at atmospheric pressure per 
effective h.p. hour. 

Now the new compound air compressors at Paris compress 
a cubic metre of air (at atmospheric pressure) to more than 
six atmospheres for 0*4 centime. That is I'OSd, per 1,000 
c. ft. If the selling price is taken at 2d, per 1,000 c. ft., 
to allow for interest and depreciation on plant, this would 
correspond to VGd, per effective h.p. hour for air used in the 
inefficient rotary motors, or ^^. per effective h.p. hour for 




Fig. 65. 



air nawl in the converted steam -eiigi ties of tolerably good 
efficiency. lu the latter case tlie coat nmouuts tn \\l. 5s. per 
effective h.p. per year of 3,000 working houra. Allowing for 
interest on ths cost of motor and wages, tho cost per h.p. per 
onnnm would be about \M. Better results than this may be 
expected when air raitora are constructed as carefully as air 
compressora. 
■ The prices charged for air in Paris have not been very 




onl horitatively published. It has been stated thar l-.j centime 
per cabic metre is charged. This would make the cost of power 
about double that calculated above. But the Paris prices were 
settled in the early days, when very extriivagant and Wiisteful 
compresaiug plant was in operation. 

DUtrtfittiian of Poiuer bij Cumpretged Air at the Works of llie 
SttctiU Cochrill af Seraiiuj. — The great works at Seraing may 
be considered the birthplace of modern compressed-air machinery. 
The compreased-air plant for the Mont Cenis Tunnel works was 
de at the Cockerill works, having been designed and con- 
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structed under the direction of Mr. J. Kraft, who is now at the 
head of the engineering stafi of the works. In conjunction 
with M. Sommeiller, Mr. ICraft carried out extensive experiments 
on the efficiency of air-compressing machines, in order to obtain 
the necessary data as a guide in attacking what was then a new 
problem. Compressed air in mines was first and is still ex- 
tensively used at the Marihaye collieries at Seraing. Further, 
since 1854 compressed air has been used in the engine works 
of the Soci6t6 Cockerill for working cranes.* With r^ard to 
this last application, Mr. Kraft states that ' it might be expected 
that the losses of power incurred in the production and the 
utilisation of compressed air would cause it to be rejected as a 
motive power. But in many cases it is not so ; for instance, for 
a series of cranes, machines working only at intervals. Where 
steam is used, enormous losses are caused by condensation in 
the pipes, and expansion and condensation can hardly be used 
in the engines. Whereas, on the other hand, compressed air 
can be produced by high-class engines consuming very little 
coal. In this way the loss incurred by employing air may be 
compensated for. For a set of cranes like those at the Cockerill 
works or at Portsmouth Dockyard, steam cannot compete with 
air. The principal rival of compressed ^ir is water, and there 
are many cases where water is to be preferred. For cranes 
placed in the open air in cold countries the great impediment to 
the use of water is frost.' For the installation of a number of 
cranes in the open air, along a quay wall, Mr. Kraft thinks 
that air is preferable, as in the case of Portsmouth Dockyard. 
The compressed-air machinery in the engine works at Seraing 
in 1885 (and still in use) consisted of the following machines: 

(a) Air-compressing engine with two cylinders. Diam. 
of steam cylinders and air cylinders, 13*78 ins. ; stroke, 29*53 ins. 
Revolutions per minute, 26. 

(/)) Air reservoirs, two ; length 36 ft., diameter 6^ ft. Maxi- 
mum pressure, 5 atmospheres. Diameter of pipes, 2 ins. 

(c) 40-ton travelling crane with two double-cylinder air 
motors. Diameter of cylinders, 4*53 ins. ; stroke, 7*09 ins. The 
air is supplied to the traveller by a flexible pipe which coils on to 
or off a drum as the traveller approaches to or recedes from one 

> * Notes on Compressed Air and Machineiy for Utilising it/ by John 
Kraft; Proc, Intt. Civil Engineers, vol. Ixxxix. 
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I of the building. Tlie crane has worked very Batisfactorily. 
I wuB at, work this year (1 &9'i). 
I ((() Three 4-toii swivel cranes. 

L (e) Air motor working hydraulic pumps for wheel-pi-ess. 
mif) Twelve 12-ton swivel cranes, 
[jf) Two 15-ton swivel cranes. 

The compressing engine stops automatically when the 
' reaches 75 Iba. per sq. in.,and begins working again 
when the pressure falls. The air cranes differ in no rpsjiect 
from steam cranes so far as their motore are concerned, and all 
can be worked with a pressure of 45 Iha. per sq. in. Alao an 
overhead traveller with a reservoir of air at 90 lbs. has boon 
erected in the foundry. The air is supplied to the motor through 
a reducing valve at 40 lbs, per sq. in. 

Comprexseil Air I'Utnt at I'ortsmouth Dochja/rd.^ — In the 
most modem part of the dockyard the lifting and hauling 
appliances are chiefly worked by compressed air. There are 
two sets of compressors, one working to 90, the other to 200, 
i.h.p. The air is compressed at GO lbs. pressure per sq. in, into 
fight wiougbt-iron receivers of 18,000 c, ft. total capacity. 
The air mains have a total length of 14,000 f«et and vary 
from 'A inches to 12 iuches diamet<?r. There are fortj 7-ton 
capstans, five 20-ton cranes, machineiy for working seven 
caissons, and numerous penstocks, all driven by tbe compreeeed 
ur. 

At Portsmouth there is both an hydraulic and compressed- 
«r ditrxibution of power.and Mr. Corner compares their relative 
advantages for such work as that retfuirt-d in dockyards. He 
conclud<-s that the requirements are betit and most economi- 
cally met by a compressed-air distribution. Thia is largely due 
to (be advantage of having a considerable store of onergj- in 
receivers, 'lliere is also less wear in the nir plant, tmi 
leas easily put out of working order, 

Comprrsted Air in Mines. — One of the largest mining plant h 
worked by compressed air is that at the Chapin Mine, Michigan.* 
About three miles from Iron Mountain, nt Quim-tec Falls, on * 
head of o'l feet, 1.7'Xl h.p. is obtained by four turbinra, Karh 

> I.T. Omer: - Ufiing ami HaatiiurAppliJuuxi M Portanunitli DockjAril,' 
t. tmit. M*tk. E*y^ is«. 
E8»yi » Tnu Mid Stni /mtfanU Ja Amtriea. p. Sl-i. 



to u 

ft 



198 DISTRIBUTION OF POWER 

of these drives two ' Band ' compressors. About 2,500,000 c. ft. 
of air are supplied per day at 60 lbs. per sq. in. gauge pressure. 
From the compressor plant a 24-inch wrought-iron main, J inch 
thick, extends for three miles, an expansion joint being used at 
every 480 feet. The air main is connected to the machinery 
and to 105 power drills at the Chapin Mine, and also to some 
neighbouring mines. Most of the machinery is arranged so 
that by closing one valve and opening another a change can be 
efiFected from working by air to working by steam. 

In his address to the Mechanical Section of the British 
Association at CardifiF, Mr. Foster Brown mentioned the use of 
compressed air at a coal-mine in South Wales. There com- 
pressed air has the advantage that it assists ventilation and is 
safe in an explosive atmosphere. There are two tandem com- 
pound steam-engines, working with steam at 150 lbs. per sq. in. 
and developing 1,600 h.p. There is one air cylinder behind 
each low pressure cylinder, 34 inches diameter and 60 inches 
stroke. 

Compressed Air I'lant at the Steel Worls, Terni, Ceiiirol 
Italy .^ — The locality of Temi was selected for the steel works 
chiefly because of the large water power available there. From 
a point above the Marmore Waterfall, water is conveyed to 
the works and distributed in pipes to the turbines. The total 
fall from the Velino to the works is 750 feet. The supply canal 
is 7,217 yards in length, of which 2,900 yards are in tunnel. 
The canal carries water sufficient to develop 8,000 effective h.p. 
Part of the hydraulic power is used directly in driving mills, 
hoists, &c. Part is used to compress air, which is then dis- 
tributed to work the great hammer and other machinery. One 
advantage of the compressed-air system is that there are large 
air reservoirs, holding a supply of energy ready for use, when in 
working the heavy machinery there is a sudden and large 
demand. 

The compressors are Francois and Dubois compressors. 
There are four sets of compressors coupled to a common shaft 
candying a fly-wheel. The compressor cylinders are 31^ inches 
diameter and 47 J inches stroke. They are driven by water 
cylinders 14 inches in diameter. The maximum speed is 24 revo- 

* Savage : * Machinery for the new Steel Works at Terni/ Proc. Inst, C, JE., 
vol. xciii. 



luttODS per minute. Tlie four aet« of compressors work to about 
2,000 li.p,, delivering 1,87 1,000 c. fb.of air, at an effective preeaura 
of 75 lbs. per sq. in., in the twenty-four hours. The air compres- 
sors are cooled by spruy injection, tho water injected per stroke 
being about j-Jt^iIi of ihe cylinder volume. The temperature of 
the air leaving the couipreeaors is stated to be 120° to UWFahr. 

The great lOU-ton hammer is worked by a single-acting 
air cylinder 7 5^ iuchee diameter and IGJ feet stroke. The 
100-tOE and 150-ton cranes are worked each by two doable- 
cylinder air engines with cylinders 7"S inches iQ diameter and 
12 inches stroke, running at a maximum speed of 200 revo- 
lutions i>er minute. 

Systt-m of Trmismitiing Motive Pou-er hy Vacuum. — An 
interesting plant for distributiEg motive power by vacuum was 
established in the Koe Beaubourg, iii Paris, by MM. Petit and 
Boudenooti' The general object in view was the distribution of 
power to small industries. From 1874 M. Petit had the idea of 
transmitting power by vacuum. In 1882 an association was 
formed and machinery erected. Conduits were laid communi- 
cating with the houses of consumers, who paid a reutal based on 
the number of rotations of their machines ascertained by a 
coutiter. The usei-s of power were interested in the success of 
the fcheme by participation in the profita. The working hours 
ore from 7 a.m. till noon, and from 1 r.M. till 8. A steam- 
engine and exhausting pump of 70 to SO h.p. was first erectetl, 
the mains extending 3U0 to 400 yards. Now there are 
three steam-engines, developing altogether 3(J0 h.p., and 
the mains extend 850 yards. There are ubout 150 small 
motors on the mains. Part of the power is rented to an 
electrical company. This power is supplied by a fourth engine 
of 100 h. p, M. Boudenoot gives the preference to a vacuum 
system because the cost of inacliinery is less than for a compressed 
air system. The mains are always dry and do not require drain- 
Ing-boxes. Lastly, the efficiency of a vacuum system is, in his 
opinion, greater. M, Boudenoot takes the efficiency of the 
exhausting pump at 0-03, the mechanical efficiency of the 

' ' TrangraiBaion dp In Force motricu par I'Air rarffi*," pir M. Max de 
Nausoul)-, GMe Ciril, 1H86. 'UislributioD de ta Force moiriau A Domicile 
KU mojtn do I'Aii nu^li^,' par M. Boaileiiool ; 3tfm. dt la SocUti irt IngMewt 
CMU, 1885 and ISS9. 
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vacuum motors at 0*60, and the eflSciency of the expanding air 
in the motor at 0*85. The efficiency of transmission he takes at 
0-95. The resultant efficiency is then 

0-93 X 0-60 X 0-85 x 0-95 = 0-45. 

This, for small motors, is a good result. The exhausting 
cylinders make 20 to 50 revolutions per minute, and maintain 
a vacuum of 0*67 to 0*80 atmosphere. These cylinders have 
spray injection. The motors are constructed to supply 360, 540 
and 900 foot lbs. per second. There is a vacuum reservoir, 
50 inches in diameter and 140 inches in height, attached to each 
motor. The vacuum mains are 10,8,6 and 4 inches in diameter ; 
the house-service pipes are of lead. The vacuum system is 
undoubtedly very convenient and efficient for a domestic system 
of this kind. For transmission of large amounts of power to 
greater distances it is not so well adapted, chiefly on account of 
the size of the mains, pumps and motors which would be necessar}\ 
The Faris System of Distribution of Power by Compressed 
Air. — The Paris power distribution is at present the largest in 
Europe, but it developed out of very small beginnings. About 
1870, MM. Popp and Besch established, first in Vienna and 
then in Paris, a system for regulating clocks by impulses of 
compressed air. At first, in Paris, there was a central station 
in the Rue Argenteuil, with two small compressors delivering 
air into a receiver at 2 to 3 atmospheres pressure. In a second 
receiver air was maintained at a constant pressure of If atmo- 
sphere. Two clocks (one in reserve) actuated a distribution 
valve, allowing air to pass into the mains for 20 seconds in each 
minute. By means of small pipes, laid chiefly in the sewers, the 
air impulses were conveyed to the clocks which were to be 
regulated. At the clock a small bellows lifted a rod at each 
impulse and moved the escapement of the clock. The air mains 
were generally f to | inch in diameter, and the service pipe« 
into the houses J to f inch in diameter. These pipes were 
extended over many miles, and in 1889 there were in Paris 
8,000 clocks regulated by the pneumatic arrangements. The 
system proved so successful that a new central station was 
erected in the Bue St.-Fargeau, in Belleville. Down to 1887, 
two small Farcot engines and a beam engine sufficed for the 
work. 
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f Graduiilly tbere ai-ose a demand to use the cunipressed aii- 
oial] motors. An extension of the station was then made, 
and a i^econd installation erected in the Rue St.-Fargeaii. This 
consisted of sue Davey I'axmau compound engines, each drinng 
two compressing cylinders. The engines developed 2,000 h.p, 
The compresBors were made in Switzerland, on the Blanchard 
system. Soon this pliint became insufficient, A third instal- 
lation was erected in the Rue St.-Fargeaa in 1889.' This 
consistt^ of five compound engines and compressors, built by the 
Socif'f^ Cockerill at Sei'aing, the compressors being on the 
Dubois-Franvois system. These engines developed 2,000 h.p. 
Finally, another central station, at the Quai de la Gare, was 
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^Hmcted, with engines of S.OOO b.p., and room for extension to 
2i,000 h p. The engines are triple vertical engines, with 
Riedler compound compressors. The air is compi-esaed so much 
more cheaply at the new et.ation, tliat the old station in tbe Rue 
St.-Fargean is no longer worked." 

At the St.-Fargeau station neither the engines nor the com- 
pressors were of the best type. Their effect was to compress 

^^^H| Eee tlie slcetcb-map of tlie air.nuun* in Pnris, lijf. 57. 
^^^B For naiDeroiiB detnils and data relatin^f lo tlie Turia *}-8t«iD. see Xeuf 
^^^KArv*; twfrw die KTafrsertargnaii ren Peril dureh Dmeklnft, voii A, 
^^BKn«r, Berlin, 18»1 ; La Itiitributiim de la fWet par TAir eemprtmi ilaiut 
' rtirin, pnr Prof. Riudlrr. Paris, 1S9I, See also 'Sole *ur le Tninsport de 

I'Bner^o pnr I'Alr coinpriii»^,' par M. Solignac, Cvngrt-t liUemational de 

MUMiiqvt AppUquft. Puis, 181)3. 
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265 c. ft. of air (20*25 lbs.) at atmospheric pressure to 6 atmo- 
spheres per i.h.p. per hour. The cooh'og in the compressor 
cylinders was ineffective. The air from the six compressors was 
delivered into eight cylindrical receivers of 1,150 eft. capacity 
each. The air was then distributed by cast-iron mains, 11 '8 inches 
in diameter ; these had joints with india-rubber rings, forming 
a kind of stuffing-box and permitting expansion at every pipe 
length without leakage. The mains were laid partly under road- 
ways and partly in sewer subways. They were supplied at 
intervals with automatic draining-boxes. It was remarkable 
that the demand for power from this station so rapidly grew up 
to its full capacity. 

The air motors used are generally of a very simple kind. 
For small powers a simple rotary engine is used; for larger 
powers steam-engines are employed, worked with air instead 
of steam. Where the compressed air enters a building it 
generally passes through a screen, which removes solid impuri- 
ties. Then there is a stop valve and a meter for measuring the 
air. Next there is often a reducing valve, by which the pressure 
is reduced to 4 J atmospheres. In most cases there is a re-heater, 
often a simple double-walled box of cast iron, in which the air 
circulates and is heated by a coke fire. For a 10-h.p. motor 
this re-heater is about 21 inches in diameter and 33 inches high. 
The amount of coke used is not considerable, about \ lb. per h.p. 
per hour. The air is raised in temperature to 300° Fahr. The 
air motors are very convenient. They can be started at any 
moment, they are free from inconvenience from leakage, heat or 
smell, and they require a minimum of attendance. Often the 
exhaust can be used to cool and ventilate the working rooms. 
The air motors are used for various purposes. At some of the 
theatres and restaurants they drive dynamos for electric lighting. 
At some of the newspaper offices there are motors of 50 and 1 00 
h.p. driving printing-machines. In workshops there are motors 
driving lathes, saws, polishing, grinding, sewing, and other 
machines. At the Bourse de Commerce the compressed air 
drives dynamos for electric lighting, and also is used to produce 
cold in large refrigerating stores. In many of the restaurants 
air is used for cooling purposes. It is also used to work cranes 
and lifts directly, a water -cushion being used between the work- 
ing cylinder and the lift. 
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ing compound compressors with two low and one high pressure 
compressing cylinders. Each engine is of 2,000 h.p.* Four 
have been erected, three being regularly worked and one kept 
in reserve. The new station has been placed on the banks of 
the Seine, where coal and condensing water can be obtained 
cheaply. Steam of 180 lbs. per sq. in. pressure is used, and 
the makers guaranteed that the engines would work with 
1*54 lbs. of coal per i.h.p. hour. The new air main, aboat 
7 kilometres in length, is 20 inches in diameter. 

Compressed Air System at Offenbach, near FrankforUon/~Mam. 
A compressed-air distribution of the most improved type has 
been constructed at Offenbach, by the firm of Riedinger, of 
Augsburg. The compressing station has a horizontal compound 
steam-engine with crank-shaft and fly-wheel. The air com- 
pressors are compound , of Riedler s design. The air is compressed 
to 2 atmospheres in the first cylinder, and then to 6 atmospheres 
in the second. The heat is abstracted in an intercooler between 
the high and low pressure cylinders. The steam cylinders are 
22 and 31 inches diameter and 40 inches stroke. The air 
cylinders are 16 inches and 24 inches diameter and 40 inches 
stroke. Each air cylinder is worked direct from the back of the 
corresponding steam cylinder. The engine is stated to work 
with 15^ lbs. of steam per i.h.p. hour, and the efficiency of the 
compressor is 87 per cent. The engine runs at 75 revolutions, 
or 490 feet of piston speed per minute. The air is distributed 
through 23,000 feet of cast-iron mains with india-rubber ring 
joints. The main, when tested with a pressure of 6f atmospheres, 
kept up for 70 hours, showed a leakage of only 1*6 c. ft. per 
mile per hour. 

Covijyi'essed Air Tnimways at Berne} — The difficulty of i*e- 
placing Loi-se traction by mechanical traction on tramways in 
towns is very considerable. Steam-engine traction has obvious 
inconveniences. Wire-rope traction has been remarkably 
successful in certain cases, but it can only be adopted where a 
large traffic is to be carried. Electric traction with overhead 
conductors (the trolley system) has been adopted very extensively 

' In lig. 58 E indicates the position of the water-purifjing apparatus; 
FF the boilers; M the 2,000 h.p. compressors; R the air receivers; C a 
channel for water supply ; A A A sewers for removing water. 

^ See a paper by Mr. Preller, Engineering^ February 24, 1S93. 
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in America, but it does not npp^ar to be euitabte for Eumpeftn 
towns. Traotion by compressed air is possible, and ia an 
interesting case of distribution of power from a central station. 

The lirst system of compressed-air traction which proved 
Bucce^fiii is that of Mekarski, adopted at Nantes, in Paris, and 
at Berne. The Berne tramway has been working since 1890, 
and has gradients of 5 to C pf-r cent. Tlie air is compressed to 
350 to 4.J0 lbs. per b([. in. in reservoirs of abont 75 c. ft. 
capacity, carried by each tramcar. Between the reservoir and 
the motor is a small tank of snper-heated water at a temperature 
of about 300° P., supplied from a biiiler working at 100 to 150 
lbs. per S((. in. The air circulates through the wat*!r, and a 
mixture of air and vaporised water passes to the motors, which 
are coupled to the car-ailes. The heat furnished makes it 
posfiihle to work with a considerable ratio of expansion. The 
steam vields its latent heat to the air before exhaust. 

At Berne a water-power station has been eutablisbed on the 
Aare. at a point where there is a supply of 700 c (t. per second 
on-a fall of fij feet. There are three 120 h.p. pressure turbine?, 
of which two are used for electric lighting, and one for com- 
pressing air. The power of this turbine is rented to the tram- 
way company at il. pev h.p. per annum. There are four com- 
pound compressors ranning at SO revolutions per minute, of 
which three are ordinarily stilGcient, the fourth being in reserve. 
Each compressor has two single-acting cylinders. Tbe low- 
pressure cylinder is 1 1 8 ins. diameter, and compresses the air 
to 75 lbs. per scj. in. The high pressure is 53 ins. diameter, 
and compresses the air to 17u lbs. per aq. in. The air i^ cooled 
by a water-j«:ket on the high-pressnre cylinder, and by spray 
injection in the low-pressure cylinder. Each compressor 
delirets about 350 lbs. of air per hour. The air passes through 
a separator to drain off the water, and then into two reservoirs 
of \i c. a. cnpaoily. A wTought-iron main 1*3 inch in diameter 
conveys the air to the charging station for the cars. At the 
chafing station there are six reservoirs of Vi c. fl. capacity 
each. There are also three eteam boilers, two with 35} and one 
with 97 aq. ft. of heating sarfoce, worked at 100 Iba. per sq. in. 
presBure. These rerve to charge the heating chambers on the 
cars wiib heated water. Atter each jonmey the cars are re- 
duuged with air and heat^ water b)' pipes and valves connected 
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with the air reservoirs and air main, and the steam boilers. The 
tramcar has two coupled axles with a wheel base of 5*2 feet, and 
wheels 27^ ins. diameter. The air motors have cylinders 5i 
ins. diameter, and 86 ins. stroke. The total weight of the car 
when full is 9^ tons. The authorised speed is 11 kilometres 
(6*8 miles) per hour. The maximum initial pressure in the 
cylinders is 176 lbs. per sq. in. On easy gradients it is less. 
Each car carries twelve air-storage cylinders of 1 8 ins. diameter. 
Aggregate capacity, 75 c. ft. Fully charged they contain 177 
lbs. of air at 30 atmospheres. This is sufficient for a journey of 
6 kilometres (nearly 4 miles). The heating chamber has a 
capacity of 3*5 c. ft. 

The cars are charged first from the station air reservoirs, and 
then from the pumping main, till the pressure reaches the working 
limit. Then the car is disconnected, and the compressor recharges 
the reservoirs. This change of action is effected without stopping 
the compressor. Reloading a car takes about 15 minutes. The 
cars use from 28 to 42 lbs. of air per car mile, or, on the 
average, 35 lbs. The line is nearly two miles in length. There 
is a 10-minute service. The double journey over the line takes 
40 minutes. The working expenses amount to 8'9d. per car 
mile, and the receipts to 10'7£Z. per car mile, so that there is 
a return of 4^ per cent, on the capital expended. The system 
at Berne has proved convenient and satisfactory. The cars run 
smoothly, and there is no annoyance of smoke or smell. There 
is a somewhat narrow limit, however, to the distance the cars 
will run without recharging. 

Conqrressed Air Tramway : HugJies and Lancaster s System. 
This system has not yet been practically adopted, but an 
experimental car has been built at Chester, and it has features 
wliich are interesting. The car carries air reservoirs, as in the 
Mekarski system, but the air is used at moderate pressure. The 
distinctive feature of the system is that an air main is laid along 
the tram-line, and arrangements are adopted for recharging 
the car, almost automatically, from the air main at convenient 
distances along the line. 

The air is used at 150 lbs. per square inch pressure, and the 
receivers on the tramcar have a capacity of 100 cubic feet. An air 
main of 3 or 4 inches in diameter conveys the air to charging 
valves underground at the side of the tram-rail. As the car 
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approaches a cliarging valve, tiio conductor, by the movement 
(ifa levo!-, lowere a plough, which lifts the lunged lid over the 
charging \'alve. The charging valve has four radiating discharge 
pipes. A valve on the car has two receiving pipes. By a cam 
action, one of the receiving pipes engages with one of the dis- 
charge pipes on tie air main as the car moves over the charging 
box. A;* the ear moves on the valve opens, then closing again, 
while the radiating discharge pipes rotate through 90°. As the 
receiving pipe disengages, both it and the discharge pipes are 
lefl in position to repeat the charging operation. The car may 
be stopped for « few seconds in the position for charging, and 
as it moves on again the cover of tlie charging box falls, leaving 
the road surface unbroken. 

In the experimental car the air motor was a Rigg engine ; 
bat on the trials this was in an imperfect couditinn, and air was 
lost by leakage. The car, starting with a pressure of about lot) lbs. 
per square inch, randistancesof GOO to 1,500 feet with a full load 
of piiEsengers, and on gradients varying from level to 1 in 45. 
In a special test it ran with one charge of air a distance of 
1,230 feet up a steep hill, with gradients of 1 in 180 to 1 in 24. 
From the data obtained in tests made by the author, it appeared 
that with a reservoir capacity of 100 cubic feet the car would ran, 
with one charge of air at 170 lbs., distances varying from 7,000 
feet on the level to 750 feet on a gradient of 1 in 25. With a 
more satisfactory air motor these distances would be exceeded. 
Tliis system has the very great advantage tliat there is no limi- 
tation of the distance which the care will work. It is almost as 
convenient as an electric system in which the supply of energy 
is continuous, and is free from the difficulties and e.xpense in 
electric systems in which the conductors are underground. 

In rnnning down inclines of sufficient steepness, ihe motor 
on till! Hughes and Lancaster ear may be reversed, so as to act 
as an nir coTiipreasor, and it then recharges the air-receivers. 
The surplnswork is thus utilised, and the motor acts as a brake, 
fThe Shmie Syslein of I'Mtrqnng Stsii-age by Ci/m/tregiied Air. — 
f interesting syst«m of pumping sewage at many sub- 
is in a fiat town district has been invented by Mr. I, Shone, 
naa been ailopted with success at Henley, at Rangoon, at the 
Chicago Exhibition, and at other places. It is stiictly u system 
«f diatributiiig power for pumping purpcmos from a central station. 
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and is a good illustration of the convenience of c- ' 
transmission for certain purposes. 

In order that sewers may be self-cleansing, the;, 
small as is* consistent with discharging the requii 
and must be laid at a gradient which secures a 8ufB( 
of flow. In an ordinary system of gravitating sewer 
point available is adopted for the outfall, and the 8e\ 
with slopes required to give the necessary velocity o' 
to secure this condition the sewers would in many ca 
below the outfall level. Then the sewers must be * 
at great depths, and pumping at the outfall must 
to. The cost of constructing sewers at a great dep' 
expense of pumping are so serious, that the engineer 
to adopt larger sewers with smaller slope, and to tni 
ing and other arrangements to remove the deposits \\ 
in such conditions. But large flat sewers entail man;. 

With ordinary methods of pumping it is usually 
to have a single pumping station, to secure economy o" 
tendence. The fundamental principle of the Shone sy 
have a number of pumping sub-stations conveniently di 
each dealing with the sewage of a definite low area. 1 
stations are worked automatically, without superinten- 
compressed air distributed from a single central station, 
which could not be drained as a whole, by sewers wit* 
gradients, is divided into smaller districts, each of whit . 
sewered with self-cleansing sewers draining to one low 
the district, at a level generally not more than 15 feet l 
surface. At each of these low points there is an ejects 
worked by compressed air from the central station. Tli* 
lift the sewage intermittently into a second system oi 
sewers, according to the rate at which it collects in the 
The outfall sewers ai'e closed pipes witliout gratings or ma 
and may be either laid with a uniform gradient, or tr 
pumping mains and laid without reference to gradi 
sewage being forced through them by the ejector. ¥> 
lifts, in cases where the sewage has to be pumped tlv 
rising main to be distributed over land, two or more • 
may be used, each dealing with a part of the lift suitabU* * 
air pressure employed. 

The ejector (fig. 59) is a simple form of pump for 
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trained sewage. ItU a closed cast-irun lank, with inlet pipe 
■■*nd inlet, valve and outlet pipe and outlet valve. There is also 
an air valve worked by n Hoat. The sewage fltjws in by gravita- 
tion till the ejector is lull. At that moment a bell-shapi'd 
float A rises and opens the air valve E. The compretised air enter- 
ing the ejector closes the inlet valve C and opens the outlet vahe 
D, driving the sewage into the outfall sewer. As the sewage 




falls, it at last leaves unsupported a cup B which closes the air 
valve and allows the ejector to refill. The whole operation of 
ejection takes only about halt' a minute. Air mains must bo 
laid from the central station to the ejector stations. These 
are ordinary cast-iron pipes 2^ to -1 inches in diameter. 

The author tested the efficiency of the ejector system in 
1888. Three ejectors, of oOO gallons capacity each, were 
arranged to pump on lilts of 12 to 21 feet. The air was coni< 
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pressed by a gas engine. The discharge from the ejectors was 
measured in a carefully gauged tank. 

Trial I. — Total lift from bottom of ejector to point of 
discharge, 24*26 feet. Useful lift from centre of ejector inlet 
pipe to point of discharge, 21*26 feet. Speed of working, 20 dis- 
charges per hour from each of the three ejectors. Air pressure, 
1 1 lbs. per sq. in. Rate of pumping, 831 gallons per minute. 



Brake h.p. of gas engine 
Work due to useful lift 

„ H „ fall into ejector 
Friction of compressor 
Loss in heating air . 
Other losses .... 


• • • 

2133 
•302 
•663 

1-616 
•372 


H.P. 
4^976 



Trial II. — Total lift from bottom of ejector to point of 
discharge, 12*33 feet. Useful lift from centre of ejector inlet 
pipe to point of discharge, 9*33 feet. Speed of working, 26 dis- 
charges per hour from each of the three ejectors. Rate of 
pumping, 432 gallons per minute. Air pressure, 6 lbs. per 
sq. in. 







H.P. 


Brake h.p. of gas engine 


• • • 


3242 


Work due to useful lift 


1 -222 




„ „ „ fall into ejector 


•392 




Friction of compressor 


•663 




Loss in heating air . 


•663 




Other losses .... 


•312 





3 242 

It will be seen that the resultant efficiency of compressor, 
mains, and ejectors is 49 per cent, in both trials, reckoning on 
the total lift. It is 42 per cent, in the firet trial and 38 per 
cent, in the second, reckoning on the useful lift, which is exclusive 
of the drop from the inlet pipe into the ejectors. In any system of 
pumping some loss is unavoidable from a drop into the collecting 
tank from which the sewage is pumped, and the loss is proportion- 
ately great^er the less the lift. This is a very satisfactory 
efficiency on such low lifts. The working of the injectors was 
entirely automatic, and they required no attention. 



CHAPTER X 

%COLATI0N OF A COMPRESSED AIH TRAh'SMlSSlON WHEN 
VBE SUBSIDIAST LOSSES OF ENEROT ARE TAKEN IJfTO 
ACCOUNT'' 

IXoss ofPreMiire in the Air Maim. — Hitherto information as 
wike reeiijtaiice of air mains has been scanty. The best experi- 
ments were those made by Mr. Stockalper on the pijies of the 
boring machines at the St. Gothard Tunnel. The new experi- 
ments carried oat by Professor Riedler and I'rofessor Gntermuth,* 
on the air mains in Paris, are tlierefore of great value. The 
Paris mains are larger than any hitherto iried, and by coupling 
up different mains at night, a length of lOJ miles could be 
experimented on. 

The main for the older Paris compressing station consists of 
cast-iron pipes llj inches or 0-98 foot in diameter. It was laid 
partly in the sewers, which involved the use of a good many 
liends. Part of the main in the Rue de Belleville is known to 
be leaky, and there are numei-ous draining-boxes, siphons, and 
etop-valvea which cause resistance. In a more perfectly 
arranged main no donbt the loss of preBsure would prabahly be 
somewhat less than in this old one iu Paris. In the following 
in r (ligation Professor Riedler's results are used, but the 
rednctionfl from them and the conclusions deduced are the 
AuUior's. The formula for the flow of air adopted is that given 
in the Author's paper on ' The Motion of Light Carriers in 
. Pneumatic Tubes.' * 

I Thlc chapter is mainly n 
taUoa ol Civil Engineers, 
tdtug*. vol. CT. 
9Jfme B'fa\runsni iihtr dit Krafl efrlorgung ron Paril dureh DrtieUaft, 
Tt^Tlin, leyi. 

■ Sfiavte) of Pfimniingt Ititl. C. E.. vol. xliil., lS7e. Also Bttlcte ■>□ 
* UjrdromMhAaics,' Eiwyelopadia BrUanniaa, ninth edition, BjdnuUes, § 84. 
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Formvla for tlie Flow of Air in Long Pipes. — Let d be the 
diameter and I the length of a pipe in feet ; v the velocity of 
the fluid in feet per second, and h the head lost measared in feet 
of fluid under the given conditions. Then, if the fluid is incom- 
pressible, 

^v*^_d h 

This formula may be used for the flow of air in pipes, and 
indeed has been so used by Mr. Stockalper and others, when the 
variations of pressure and density are small, so that mean values 
can be taken and the variations neglected. Professor Riedler 
uses this equation also, but with the artifice of dividing a long 
main into portions calculated separately — a method very 
cumbrous and not very accurate. 

When air flows along a pipe there is necessarily a fell of 
pressure due to the resistance of the pipe, and consequently the 
volume and velocity of the air increase going along the pipe in 
the direction of motion. The effect of the resistance is to create 
eddying motions, which, as they subside, give back to the air 
the heat equivalent of the work expended in producing them. 
The result is that, apart from conduction to external bodies, the 
flow is isothermal. Generally, in compressed air systems, the 
air is delivered into the mains at a temperature above that of 
the surrounding earth. The excess of heat is parted with by 
conduction, and the temperature falls to that of the ground, but 
no lower, for there can then be no further loss of heat by con- 
duction. 

Let P = the absolute pressure of the air in lbs. per square 

foot. 

T = the absolute temperature. 

G = the weight of the air per cubic foot in lbs. 

V = the volume of the air per lb. in cubic feet. 

Then, p zn 

' PV=-=:CT . . . . (1) 

G 

where c=5318 for air. Taking the temperature of 60° Fahren- 
heit, so that T=461 + 60=521— 

cT=5818 T=27,710. . 
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If air is flowing steadily in a pipe, the same weight of air 
flows across every transverse section per second. Hence, if w 
is the weight, in lbs., of air flowing per second, ft the area of a 
cross-section, at which the velocity is ti — 

w=Gftw = constant ... (3) 

combining (1) and (3) 

ftt4P=cTW .... (3a) 

Fig. 60 represents a short length dl of an air main, between 
transverse sections A^, Aj. Let d be the diameter, ft the cross- 
section, m the hydraulic mean 
radius of the pipe. Let P and u 
be the pressure and velocity at Aq, 
v-hd? and u + du the same quan- 
tities at Ap Let w be the weight 
of air flowing through the pipe per 
second. The units are feet and 4^ a; aI'aI 

^^s- Fig. 60. 

If in a short time dt the mass 

A^jA, comes to a'^a',, then AqA^q=zu dt and A,A', = (u-|-ctw) dt. 

By analogy with liquids the head lost in friction measured 

in feet of fluid is — 

^u^ dl 

2g m 
Let H = _ , then the head lost is 

m 

and since w dt is the flow through tie space considered in the 
time f«, the work expended in friction is— 

-t-wdldt 
m 

The change of kinetic energy in the time dt is the difference 
of the kinetic energy of a,a'i and a^a^', that is — 

2fj {{u'\-duy''Xi^] 

w 
= — wdud<=w dadt 

9 
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The work of expansion of iludt cubic feet of air to fl (« + du) 
dt^ at a pressure initially p, is Ap dudt. But from (So) 

dai __ cTW 
(/?"" iYp 



i' 



and the work done "by expansion is — 

P 

The work done by gravity is zero if the pipe is horizontal, 
and in most cases may be neglected without great error. The 
work of the pressures on the sections a^Aj is 

?[ludt — (P + d?) n (u + dv) dt 
= — (?du + lul?) ndt. 

But if the temperature is constant — 

Pi^= constant 
?du + udF=0 

and the work of the pressures is zero. 

Adding together the quantities of work and equating them 
to the change of kinetic energy — 

yvdBdt='-^^d?dt ^ t-wdldt 

P m 

p m 

— +1^ dP + ?'''=0 . . . (i) 
H HP m ^ 

But — CTW 



Up 



H CTW^ m 
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For pipes of uniform section 12 and m are constant, for steady 
motion w is constant, and for isothermal flow T is constant. 
Integrating — 

logH+?-- — -f f — =constant . . (5) 

For 1=0, let h = H| and p=:P, 
„ Z=L, let H=Hj and p=p, 

log5i + l^' (p,« - P,^) -f r -=0 . . (6) 

where p, is the greater and Pj the less pressure. L is the length 
of transmission. By replacing Hj, Hj and w — 

Pj ^1 Pi m 

Hence the initial velocity in the pipe is — 



u 



/ 1 gcft (P.»-P,' ) 1 



p . 

and when L is great, log -^ is comparatively small compared with 
the other term in the bracket. Then — 

For pipes of circular section m= -, where d is the diameter 

in feet. Let cT=27,7lO, and let jo,, p^, be the pressures in lbs. 
per square inch. Then — 

«. = y/(222,900i- P"-P^"] . . (7«) 

This equation is easily used. In some cases the approximate 
equation — 

w, = (i1319-0'7264?i)a/(222,900.'^-) . (8) 
may be more convenient. 



aie 
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If the termiual pressure p^ is required in terms of the initial 
pressure j),, then — 



ies of experiments f is to be found— 
f = 223,900 -'J- J''"""?!" 



00) 



Variatwn of Pressure and Veltxitif in n Low/ Main. — In order 
to have some idea of the law of variation of pressure and velodty 
in long mains, two cases have been calculated. Takiug a main 
of 12 inches diameter, and assuming {^=0003, the following 
results are obtained 

At Distances in Hiuu fbom Obioik of Main 



— 


1 


8 


3 


4 


B 


6 


Cabr I.— 















Pressure (abfo- 


lis 


112-8 


103-8 


107-0 


104-3 


101* 


S8-S 


lute) iu lbs. 
















per sq. in. 
















Vdlocitjr ID majn 


25 


25'e 


26-2 


26-9 


27-0 


29-4 


29-2 


in ft, per sec. 
















Cabb II.— 






♦ 










PresEore (abso- 


115 


1(M'3 


92'3 


78-6 


61-8 


38-5 





lute) in lbs. 
















per sq. in. 
















Velocltymmain 


BO 


GG'l 


62-3 


73-2 


931 


H9-4 




Iu ft. per see. 

















It will be seen that with an initial velocity of 25 feet per 
aecond the pressures decrease comparatively slowly and the 
velocities increase also somewhat alowly. Even at 10 miles the 
pressure is still considerable and the velocity moderate. With 
an initial velocity of 50 feet per second, the variation of pressure 
and velocity is much greater in long mains. Beyond 5 miles 
the pressure becomes too small to be practically available and 
the velocity enormous. 

These results are plotted in curves in fig. Gl. 

Before proceeeding to calculate the value of f from the 
experiments of Professor Riedler and Professor Gutermuth on 
the Paris mains, it is necessary to examine the corrections to 
he made for leakage and the special resistances of the draining 
boxes. 



THEORY OF AIR TRANSMISSION 217 

Loss of Air by Leakage from Uie Main. — Special experiments 
were made by Professor Biedler and Professor Gutermuth to 
fcer LBS. 

SEC SQIH. 



esg..-^ 



■determine the leakage loss in portions of the old Paris main. 
These gave the following results : — 



length in miles . 

I Initial presaure in 

I atmospheres 

I Term leal preHiure 

I»sa of pressure 

per hour in at- 

I mospheres 

Lossof air in cable 

feet per hour, 

reckoned at at- 

noBphere pres- 

TjosHOf air ID cubic 
feet per mile 
per honr 



iRctlan. 
CcQtnl 
Work, to 


Entire 


569 

e-5 


10-69 
60 


fiO 
1'5 


1-5 


34300 


670O0 


6030 


6270 

1 



13000 ' 69000 



V 


VI 


Knrthern 

^itnJ 
SMlUm w 


Rue 


0-87 
6-0 


0-34 
61 


GO 
0-6 


3-7 
0-56 


2100 


782 


2il4 


2300 



1 



i; 
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It is stated that during trials I, II, and IV, considerable ' t 
leakage was known to exist at the Central Station and the 
Rue de Belleville. In all the trials the air consumed hj the 
clock system and some small motors not stopped is included. 
Keduoed, as shown in the last line, the results are consistenti 
if it is assumed that the leakage was really greater in the 
sections included in I, II, and IV than in the other sections. 

Now, with an initial gauge-pressure of 6 atmospheres and an 
initial velocity of 30 feet per second, the main would deliver 
about 600,000 cubic feet of air per hour, reckoned at atmospheric 
pressure. Then the percentage of loss by leakage per mile per 
hour would be as follows : — 





I 


n 


in 


IV 


V 


VI 

038 


Per cent., of air lost 
by leakage per 
mile per hour 


100 


1-06 


0-88 


0-91 


0-40 



Professor Riedler believes that in newer and better laid 
mains the leakage is considerably reduced. In any case, it 
appears that the loss is small and practically negligible except 
in very long transmissions, at least when the main is delivering 
a full supply. It should be remembered, however, that the 
leakage is proportionately greatest in those hours when the 
pressure has to be maintained in the mains, but the demand for 
power is small. Where the demand for power is very variable 
this loss might become an appreciable factor. Looking to the 
uncertainty as to the amount and law of variation of leakage in 
different cases, it will be neglected in this investigation, taking 
the experiments above referred to as a proof that it is not a 
serious quantity even in the Paris installation, and that in newer 
mains laid with the experience now gained it would be still less 
important. 

Correction for Loss of Pressure at Draining Tanks. — On some 
of the mains experimented on by Professor Riedler there were 
draining tanks at which there was a sensible loss of pressure. 
The resistance at such a receiver must be analogous to the loss- 
at a sudden enlargement of a pipe, and we may therefore write,. 
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if D is the jiressure lost, p the absolute pressure of the air, End 
I- its velocity — 

wlieri? 5,1 is tlie coefJicient of resistance to be detertniiied by 
experiment, yome experimeuts were made by Professor Riedler 
on these draiuinf; tanks. Tbe following table gives the results 
and the calculated value of ^i- 



"T-^'^'- 




Olwrvni toH pt 


vdiie ol ft 


IWii 

1041 

84>1 
lOB'O 
IDHH 


19'5 

IBt) 

■zm. 


0-91 
0-96 
2-42 
2U 
I'OO 


O'O00O23fi3 
OO0002S27 
O'00003fi43 ' 
0-CX)0O34{M 
0-(KI00-i'J4H 


Slain . 0'000l12!(5« 



^^Juni 



These figures are fairly accordant, and the loss at each 
tilling tank may be taken as^ 



t) = 0-00003/1.' 



(11) 



Experiments b;/ Professor Bieiller ajui- Pi-ofessor Gulermtifh on 
t/ie Befinlance of the Parie Air Mains. — The old air mains of 
Parts cottBisl of caat-iron pipes 30 centimetres = 1 1 J inches = 
0-P8 foot in diameter. It was on these that the expenmenta 
were maile. For the new et-ation wrought-iron pipes of 20 
inches diameter are being used. The iiii|)ortance of these 
experiments lies chiefly in the large scale on which they were 
carried out. The volumetric efliciency of the compressors was 
til-fit detenniued. Then, at different points on the pipe-line, tJie 
pressure was observed when the compressors were running at 
known speeds. f)ii Sundays the whole pijw-line could be 
coupled up, all work in the city beinj^ stopped. The air then 
passed through the southern main and back by the northern 
main, a distance of ll) miles. The main is somewhatcompHcated, 
having been constructed piecemeal during the gradual extension 
of the enterprise. In the lO-mile length there are four draining 
tanks, twenty-three draining traps or siphons, and forty-two 
atop-vaJves, The reeislance of these is included in the observed 
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results. It appears, however, that the most serious additional 
resistance was that of the draining tanks, and as special experi- 
ments were made on these, their resistance can be estimated with 
very approximate accuracy and allowed for. 

The table opposite gives the results of the experiments, re- 
duced to English measures. The columns marked with an asterisk 
are those taken directly from Professor Riedler's tables. The 
others are deduced from his figures. 

The last column gives the values of f calculated by equa- 
tion (10). 

It will be seen that the values of f are fairly consistent con- 
sidering the diflSculties of the observations. The discrepancies 
are irregular, and obviously due to inconsistencies in the data 
of the experiments. For instance, experiments XIII and XIV 
were made on the same main at nearly the same initial 
l^ressure. In XIV the velocity was sensibly greater than in 
XIII, but the loss of pressure is much greater in XIII than 
in XIV. 

Professor Riedler appears to believe that his experiments on 
the Paris mains show that the friction of air in pipes is consider- 
ably less than it was believed to be, from the results of earlier 
experiments on a smaller scale. The Author does not think that 
this is so, but that, on the contrary, when properly reduced they 
are consistent with previous results, and that all the known 
experiments fairly support each other. In a paper on the 
' Coefficient of Friction of Air Flowing in Long Pipes,' * it was 
shown that Mr. Stockalper's experiments gave the following 
results. 

Mean for 0-492.foot pipe 000449 

„ 0-666-foot pipe 0-00377 

These experiments, as well as some others given in that 
paper, show that the value of f for air, as is the case for water, 
decreases as the size of the pipe is larger. Though experiments 
on the flow of air are not numerous enough to furnish any very 
trustworthy law, the author gave in 1 880 the following expres- 
sion for the value of f : — 

r=00027(l + ^J^) 

' Minutes of Ptoeeedifigi Inst. C. E,, vol. Ixiii. p. 29 . 



THEORY OF AIK TRANSMISSION 



; I S I I g I 






iBi'-osJ^i-S ^ '9 4? 05 ■» do IS « ei cs oa 






IliliSESsii 






l-l« 
|.j| 



Is 



■iiHi 















' ' ' . '1 


1 

■s 

J 


S. - - 


1 


-Jill 


1 


■s, - 

£ 


i 


1 ii = 

.s 1 .§ 8 











- *•: 



222 



DISTRIBUTION OF POWER 



This gives the following values for f : — 



Pipe 0*492 feet diameter 
„ 0-656 „ 
,. 0-980 „ 



>» 



It 



OHX)435 
0*00393 
0*00351 



which are only a little different from those deduced from Stock- 
alper 8 and Riedler's experiments. 

Bounding off slightly the mean of Professor Riedler's results, 
it will be assumed in the remainder of this chapter that, for air 
flowing in pipes of not less than 1 foot diameter, f = 0003. 
Putting this value in equations (7a) and (9) — 



?• 



, = ^ {74,300,000 i Py-f^'] . 
■i\ =pi v 1 1 - 74jooToood 1 • 



(12) 



(13) 



Lo88 of Pressure j>er MUe of Pipe. — In order to indicate what 
kind of results this formula leads to, the following cases have 
been calculated. 

1. Given the diameter of the pipe, and the initial pressure 
and velocity of the air entering the main, it is required to find 
the loss of pressure in one mile of transmission. By simple trans- 
position, putting L = 5,280 feet — 



P^=P^\/\^-Ufif2d] 



(14) 



Assuming initial velocities of 25, 50, and 100 feet per 
second, and initial pressures of 50, 100, and 200 lbs. absolute, 
the following values are obtained : — 



Diameter 

of piiie, 

fret 


Initial velocity 

P. 1 
ft. per sec. 

1 25 


Values of 


terminal pressure /»j 


p vrhen 


Pcrccntajfc of 
initial pre*»tiie 
lof.t in cue niilf 


10 


48-8 


97-7 


195-4 


2-4 






60 


45-3 


90-6 


181-2 


9-4 






100 


261) 


63-8 


107-6 


46-2 


20 


• 


25 


49-4 


98-9 


1 97-8 


12 




1 


50 


47-7 


96-4 


190-8 


4-6 


— 


i 


100 


401 


80-3 


lGO-6 


19-8 



The percentage of pressure lost in a mile is the same what- 
ever the initial pressure. It must not, however, be assumed that 
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the loss in twrj miles is double the loss in one mile. Tlie velocity 
increases and the density diminishes f^ing along the main. 

It is clear that when the velociry initially in the main 
exceeds 50 feet per second, the loss of pressure becomes serious 
even iii a distance of a mile. How far that involves a loss ot 
efficiency will be considered later. 

2. Another mode of looking at the question is interesting. 
Suppose the jiercentage loss of pressure is assumed and the 
initial velocity calculated. In the following table this has been 
done for transmissions to distances of 1, 5, 10, and 20 miles. 



^.:' 
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l..itl 
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Rub 


Um. 
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1 'i 
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■ 




167 


S6-3 


370 


62-6 73-1 






!S'7 


37-3 


fi2-4 


71-18 , IDOe 


I ' 




7-B 


11-8 


1 6-6 


23-5 1 31-8 




lOB 


16'6 


233 


332 1 I1-9 


■ 10 




6-3 


8-3 


113 


IG-C 22'5 




11-7 


IG'O 


2Si 31 '8 


I^ 


18 




1 5-9 


83 


11-8 1 16'0 


5-4 




U-1 
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■Transmission is possible to the longest distances here assumed 
relocitiea not impracticably low, with losses of pressure which 
would not hinder efficient use of the air. 

Adion uf tUi: Air Comprensom. — When an air compressor is 

driven bya steam engine, there ia a difference between the work 

done by the steam and the work done on the air, due to the 

work expended in friction of the mechanism, and measured by 

tlie difference ol" area of the indicator diagrams of the steam 

cylinder and compi-ession cylinder. If the compressor is driven 

by water power there will also be a corre^jwnding loss in friction 

of tlie mechanism, probably not widely different in amount. It 

will be sufficient here to consider a compressor driven by steam. 

Let U be the work expended, measured on the ateam-cylinder 

^1 ind icator diagram, and U, tlie corresponding work shown on the 

^^^bpressor-cylinder diagram. Then, if t;, is the efficiency ot 

^^^K mechanism , 

7t is convenient at present to take i." and U, to l>e the work in 
foot-pounds per pound of air compressed. In Pi-ofessor 



'^ 
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Kennedy's tests of some of the older compressors at Paris, it 
appeared that 1;^ = 0*8 J?5. Experiments by Professor Gntermntii 
on the new Riedler compressor gave 771 =0*87, a resalt not widely 
different. 

In all compressors there are some losses of work due to 
clearance, to imperfect action of the valves, to leakage, and to 
other causes. But unless the machine is badly constructed 
these need not be large. If the air is compressed to a pressure 
above that in the mains — as happens in some cases — there 
is a loss, for the unbalanced expansion uselessly heats the air ; 
but this again can be kept within narrow limits if the valves act 
promptly and properly. The chief loss of work in compressors 
is due to useless heating of the air. It is not, of course, 
impossible that some of the heat thus generated should be use- 
fully employed. But to make use of it would involve complica- 
tions. It is said that in Birmingham, where the distance of 
transmission was not great, some of the heat reached the motors, 
and then there was an economy in the amount of air used. But 
practically, in most cases, heat given to the air in the compressor 
is in fact wasted before the air is used for motive purposes. A 
perfect compressor for power distribution would be one in which 
the air, taken in at atmospheric pressure p., should be compressed 
isothemially to an absolute pressure p^ equal to that in the 
mains at the compressing station, and then delivered into the 
mains without valve-resistance. 

Such a machine, working without friction, or clearance, or 
valve-losses, would require for each pound of air compressed an 
amount of work given by the equation — 

U2= PhV^ log, ^^y foot-lbs., 

where P^ is the atmospheric pressure in lbs. per square foot, and 
v,^ the volume of 1 lb. of air at that pressure. 

If, as hitherto assumed, the initial temperature of the air is 
60° Fahrenheit, 

u, = 27,7101og,^V 

Pa 

Fig. 62 shows the indicator diagram of such an engine. 
CADE is the work done by the atmosphere on the piston in 
the suction stroke, obcde is the work done on the air in 



THEORY OF AIR TRANSMISSION 226 

e compressing stroke. The work expended in compressioa ia 
erefore the shaded area, a b c d. 

If the air is compresBed at coDst&nt temperature, the oom- 
ession curve is the isothermal df. The work of compressioa 
then the area adfb. If the air is compressed without any 
sling during compression, the compression curve is an 
iabatic such as D <i. The work expended in compression is the 




Fia. 62. — Action of Compbesbob. 



la ADG R. Consequently, in tliat case the area PUD repre- 
kts the work expended in useless heating of the air. 'lliis 
easily calcnlated, for it can be shown that the work expended 
r pound of air io adiubatic compression is : — 

Putting 7=il-41 and r„v„=27,710 as before, 
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If Vt — '^tl^'ti ^^^ Vi ™iiy ^ termed the efficiency of the 
compressing process. For simple adiabatic compression, neglect- 
ing clearance and friction \< 



^--[(^■r-'] 



This may be called the theoretical value of %. 
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U-7 
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085 


736 




5 


0-78 


102!) 




7 


0-74 


1470 




JO 


0-70 



It U clear, therefore, that if the air is not cooled daring com- 
pression, tlie efficiency of the process decreases as the preasnre 
to which the air is compressed is greater. Now in most cases 
the cooling arrangements are very imperfect, and the compres- 
sion is nearly adiabatic. Consequently there has been reluctanct- 
to use liigli initial pressures, and this diminishes the facility for 




SD, 38- 



distributing power by compressed air. As the other losses 
btisidea that due to heating are serious, the whole efliciency of 
the compressor is considerably less than the values calculated 
ahove. 

Fig. 63 shows an actual diagram from one of the best of the 



i 
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older Colladon compressors. The aluded area, ucfa, is the 
nsefnl work of compression, u,, con-esponding to the area 
A BCD ill fig. 62. The thick line is the actual indicator 
diagram. It will be seen that the actnal diagram is 38-1 J per 
cent, larger than the isothermal diagram for the volame of air 
admitted, the difference being due partly to the waste of trork in 
heating the air, and partly to valve resistance, causing a loss of 
pressure in the snction stroke and an excess pressure during 
delivery into the mains. In this case 17, measured from the 
diagram is 072. In several compressors tried by Professor 
Biedler the loss of work in the compressing pi-ocess was twice 




as great as in this case. Fig. 61 Hbows a similar diagram for 
one of the Cockerill compressors at Paris. The excess work 
here is 40'2 per cent, of the useful work, and consequently 
,,=071. 

Obviously, part of this loss can be saved if the air is cooled 
during compression, and all compressors are provided with some 
means of cooling. Very generally a water jacket to the com- 
pressing cylinder is used, but the action of this is verj- imjierfect. 
At Birmingham, althoagh the compresiiors were well water- 
jacketed, and though the pressure was only 45 lbs. (gauge), the 
temperature of the air delivered was about 280° F. The area of 
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surface of the cylinder is small compared with the volume of air 
compressed, and air parts with beat to a metal surface slowly. 
Spray injection into the cylinder answers much better in keep- 
ing down the temperature. But it is believed that the result is 
partly deceptive, the cooling going on after the air is completely 
compressed, so that tlie compression curve is hardly so mach 
flattened as might be expected from the temperature at which 
the air is delivered. 

Fig. 65 shows a diagram &om a compressor with water 




pistoup. Here the cooling is much more effective. The piston 
speed is 180 feet per minute. Tlic excess work is only 190 per 
cent, of the useful work, and tjj = '81. 

The oiilv 1-emaining means of reducing the loss of work by 
heating is to compress in two or more stagep, and cool the air 
thoroughly between the i^tages. This intermediate cooling can 
be easily efiected, the air being taken through tubular vessels 
presenting any amount of cooling surface that may be required. 

In fig. C6 A B K p is the diagram of isothermal compresBtm, 
as before, feg is an adiabatic, so that in single-stage com- 
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pression, without cooling, KDFG represents the work lost in 
useless heating. Now let it be supposed that the compression 
is effected in two stages. In the first stage, no cooling being 
assumed, the work lost will be the area hefa. But the air 
is then cooled to its initial temperature, and the volume shrinks 
from H E to H D. D is a point on the isothermal F K. During 
the second stage DC is the adiabatic compression curve, and 
D K c the work wasted in heating the air. It can now be seen 
that the effect of the intermediate cooling is to reduce the work 
expended in compression by the area CD eg a very material 
quantity. 



B KCG 




Fig. 66. 



It is this stage compression with intermediate cooling, and 
with spray injection also, which Professor Kiedler has adopted 
in the new compressors for Paris, with marked increase of 
efficiency. Fig. 07 shows an actual diagram from one of the 
Riedler compressors, and it will be seen that the excess com- 
pression is only 1 2*07 per cent., so that in this case rj^ has the 
high value 0-89. 

Fig. 68 gives the diagram of another Riedler compressor at 
Paris, running at a higher speed. 
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the ifiniiiH, and conriequently much smaller mains will suffice to 
fmriMmit a given amount of power. 
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Professor Riedler and Professor GutermuiKs EoDperimerUs on 
the Efficiently of Compressors, — If, as above, Uj=i7j U is the 
work expended in compression, after deducting the friction of 
the mechanism, and 

U3 = 27,7101og,*^» 

Pa 

is the useful work done in compreesion, then 

is a coeflScient of efficiency of the compressing process, which 
includes both the waste of work in useless heating and any 
losses due to clearance, valve resistance, &c. 

Professor Riedler has obtained a series of indicator diagrams 
from different compressor cylinders. On these he has drawn an 
ideal isothermal diagram, without clearance or valve losses, and 
for compression to the pressure in the main. The excess of 
area of the actual diagram over the ideal diagram is the work 
wasted in the compressing process, and from this i]^ is easily 
calculated. The following table gives a series of such results: — 

EFFIC1E^'CY ijj OP Compression 



Type of compressor 



Pressure in 

main,/;, 

Atmos. 



CoUadon, 8t. Gothanl . 



}f 



Sturgeon . . . 

Colladon 

Slide- Valve Compressor 

Paxman 

Cockerill 

Riedler Two-stage 



6 
6 
3 
4 
5 
6 
6 
6 



Lost work 

in per cent. 

of usef nl 

work 




1050 
920 
04-3 
3815 
49-3 
42-7 
40-2 
1207 



0-488 
0-621 
0-516 
0-722 
0-670 
0-701 
0-713 
0-892 



The table shows how very low is the efficiency of some of 
the older compressors. Even in the compressors in Paris with 
single-stage compression ly^ssO'TO. Hence, if the friction of 
mechanism is taken account of, and f)^ is put at 0*85, the 
resultant efficiency of the compressor mechanism and the com- 
pressing process is 0*85 x 0*70 = 0-595, or less than six-tenths 
of the indicated work in the steam cylinder is usefully expended 
in compression. The Riedler two-stage compressor gives a 
much better result. Taking i;j=:0-87, its efficiency is 0-77. 
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Professor Riedler has given some other figures, not based, as 
the above are, on the measurement of single diagram?, from 
which the efficiency of the Paris compressors can be calculated 
in a more trustworthy way. The following data are given as the 
result of a series of experiments with each compressor : — 



Type of comiireasora 



Paxman machine (Sturgeon compressors) 
Gockerill machine (Dubois • Francois 

compressors) 
Riedler machine (Two-stage com- 
pressors) 



For etch indicated steam h.p. | 



Cubic feet of air 

at atmo8ph«rio 

pressure oom- 

preaded iier hour 



264-9 
300-2 

367-4 



Preaaorc in main, 

Iba. iier m}. inch 

alMolnte 



102-9 
102-9 

102-9 



From these figures the following are calculated : — 



Paxman 

Cockerill 

Riedler 



steam 

work |ier 

hour in 

foot lbs*. 



1,980,000 



Weight of 

air com- 

pretf^eti in 

lbf<. 



20-24 
22-94 
2806 



Steam 

work per 

lb. of air, 

= U 



97,830 
H6,340 
70,550 



Calculated '• 
work per 

lb. for I 
Isothermal I 
conipres- I 
»ion, Uj 



53,920 



Ilesult- 
ant effi- 
ciency 

U 



I 



1» 



0-651 I 0-85 
0-624! 0-85 
0-764 I 0-87 



0648 

o-73r. 

0898 



These results agree well with those obtained above in a 
different way. 

Adimi of the Air Moiora:, — An air motor is simply a revei*sed 
air compressor. Hitherto the conditions of efficiency in air 
motors have received very little attention. In Paris many of 
those used are of small size, and in these a good efficiency is not 
to be expected. The best results have been obtained thus far by 
adapting old steam engines to work as air motors, and this can 
be done with very little trouble. It is specially de-sirable that in 
an air motor the cylinder clearance should be small or the com- 
pression sufficient. Probably the greatest source of avoidable 
waste in air motors has been leakage at the piston. In a steam 
engine the condensation on the cylinder wall helps to render 
the piston tight. In an ordinary air engine, the cylinder aar&oe 
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is more or less dry, and the waste with air from leakage at even 
small apertnres is very great. 

A considerable economy can be secured by re-heating the 
air in a simple form of stove before admitting it to the engine. 
At first sight this seems a complication likely to involve as 
much trouble as a steam-boiler. That, however, is not at all the 
<^e. The re-heating appliances are simple, there is no risk of 
dangerous explosion, and the amount of heat which it is desirable 
to give to the air is insignificant compared with that required 
in rai>*ing steam. Professor Riedler tried an old 80-h.p. steam 
engine in Paris, which had been adapted to work as an air 
motor, and which was actually giving 72 indicated h.p., with 
compressed air at 5^ atmospheres pressure. It was using about 
31,000 cubic feet (reckoned at atmospheric pressure), or about 
2,376 pounds of air, per hour. This air was heated to a 
temperature of about 300** Fahrenheit by the expenditure of 
only 15 pounds of coke per hour. On favourable assumptions 
a steam engine working to the same power would have required 
ten times this consumption of fuel at least. Re-heating the air 
has the practical advantage of raising the temperature of exhaust 
of the motor, and for the amount of heat supplied the economy 
realised in the weight of air used is surprising. Tlie reason of this 
is that the heat supplied to the air is used nearly five times as effi- 
ciently as an equal amount of heat employed in generating steam. 

In certain cases the air-motor cylinder has been jacketed 
by hot air. This increases again the amount of work obtained 
per pound of air used. It can hardly be considered a thermo- 
dynamically advantageous process, but it may have advantages 
practically in raising the exhaust temperature. Lately in some 
cases, water has been injected in small quantity into the air while 
passing through the re-heating stove. This passes into tlie 
engine as steam. It condenses during the expansion, yielding 
latent heat to the air, and thus raising the temperature of 
exhaust. Whether it is advisable from a purely theimodynamic 
point of view may be doubted, but it seems to have practical 
advantages possibly in lubricating the cylinder and preventing 
leakage. When steam is employed in this way the expansion 
curve rises above the adiabatic and becomes nearly an isothermal. 
The steam may amount to about 5 per cent, of the weight of 
air used. 



234 DISTRIBUTION OF POWER 

Useful Work done by an Air Motor. — Let the air be delivered 
from the main to the air motor at the pressure Pg in lbs. per 
square foot, or p^ in lbs. per square inch. (1.) Let it be 
supposed that the air is used in the motor cold, its temperature 
being taken at 60° Palirenheit and its volume in cubic feet per 
lb. being v^. Expanded adiabatically in an engine down to 
atmospheric pressure, jKt} ^he work done would be in foot lbs. 
per lb. of air. 

= 95,600 [l - ( P't y' 1 . . (16) 

The actual work obtained in any given motor using air cold 
will be less than this in consequence of incomplete expansion, 
valve resistance, clearance, leakage, and other losses. Let the 
actual work shown on tlie indicator diagram of the air motor be 
u^. Then if 

173 is the efficiency with which the fluid is used in the particular 
air motor, a coefficient which must be determined by experi- 
ment. 

(2.) Let it be supposed that the air, arriving in the main 
with the temperature Tg (absolute), is re-heated to a temperature 
T3 before being used in the motor. As it is re-heated at constant 
pressure, the amount of heat to be given to each lb. of air is 183 
(T3— Tj) foot lbs., or 0-2375 (T3— t^) thennal units. Then the 
work of adiabatic expansion from a pressure 2^2 ^ atmospheric 
pressure j),^ will be — 



7-1 "T, L Vj>, 
- 95.600 Vi-(;M~] . . (17) 



Generally the work shown by the indicator diagram of any 
engine will be less than this, for the causes mentioned above, 
and if 773 is the efficiency with which the motor uses the fluid, 
the indicated work will be — 
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Tliere is no reason for expecting 1/3 to be different in this case 
from what it was in the previous one, unless hot-air jacketing, 
or steam injection, is used. In that case rj^ will be larger, and 
may be taken to include the additional work due to heat supplied 
during the stroke. 

There is yet one more source of loss in the motor, the friction 
of the mechanism. If rj^ is the efficiency of the mechanism, 
then — 

U5='^4 ^'3 or V4 ^'\ 

is the effective or brake work of the motor per lb. of air used. 

Expenments on Air Motors hij Professor lliedler aiuL Professor 
Gntermuih. — In the following tables some of the experiments 
are quoted, together with the work per lb. of air, and the values 
of 1/3 and 77^. When Professor Riedler does not give the 
indicated, but only the brake horse •])Ower of the motor, it will 
be assumed that 77^ = 0*85 in order to calculate a probable value 
of 773. 

It will be seen that in the older small motors the efficiency 
with which the fluid is used ranges from 0'37 to 0-14, which 
perha])s, considering the kind of motor, is a good result. In 
the later machines, arranged to work expansively, the efficiency 
ranges from 0*58 to 087, results remarkably good for motors 
so small. The coefficients are rather higher with re-heated 
Air, showing that the work done is increased even in a rather 
higher ratio tlian Tj/Xg. 

Some other experiments on small motors may be passed over 
in order to consider some experiments on an old Farcot steam 
•engine with Corliss valves, which had been converted for use 
as an air motor. 

This engine was nominally of 80 h.p., and worked at 72 
i.h.p. in the trials. In all cases the air was re-heated before 
use to about 300° Fahr. The cylinder was also jacketed by the 
hot air on its way to the cylinder chest. 

The efficiency is therefore 0*81, an extremely good result. 

Of all the work obtainable by the expansion of 1 lb. of 
air received at 95*5 lbs. per square inch, and at a temperature 
of 300'^ Fahr., four-fifths is obtained as effective work on the 
brake. However, part of this work recovered is borrowed from 
the hot air before admission to the cylinder and given back 
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to it by the jacket. That the jacket considerably affected the 
working dnring expansion is shown by the temperature during 
exhaust. The following Table gives the temperatures the air 
would have reached by adiabatic expansion, and the actual 
temperatures of the exhaust in the experiments above : — 



Initial temperature 



Final temperature for 
acliabuiic expansion 



Tkhreiiheit 



264 
.305 
320 
338 



Absolute 



Fahreiilieit 



I 



Absolute 



Actual 

flnal 

temiicrature 

Falirenlicit 






725 
766 

7H1 
799 



75 
53 
45 
35 



386 
408 
416 
426 



+ 70 
+ H4 
-I- 95 
+ 120 



Increase of 
temperature 

of exliaust 
due to 
jacket 



145 
137 
140 
155 



Practicul Calculations on ike Distribution of Power hy Com- 
])ressed Air. — It will be convenient first to give a summary of 
the formulas required in settling a system of compressed air 
distribution, and afterwards to discuss some special cases. 

Let P„ be the pressure in lbs. per sq. ft., j)„ the pressure in 
lbs. per sq. in., v,^ the volume of a lb. in c. ft., 
T., the absolute temperature of air admitted 
from the atmosphere to the compressor. 

Pp J?. , V,, T, the same quantities for air discharged from 
the compressor into the main. 

Pj, jjj, Vj, T, the same quantities for air arriving at the 
]X)int of consumption in the main. 

u = indicated work done by the steam on the piston 
of the compressor reckoned in h.p. 

U, =17, U = corresponding indicated work on the air in 
the compressor cylinder. 

Ug = T72 U, = useful work of compression, or work of 
isothermal compression from p,, to ])^. 

r, = available work of air arriving at the motor, or 
work of adiabatic expansion from ]\ to ]>„, 

U^ = T/g U3 = indicated power of the air motor. 

r^ = ff^ v^ = effective or brake work of the air motor. 
Taking p„ = 211G-3, p., = 11-7, v.. = 1309, t„ = 021°. 

p,, V. = 27,710 (1) 

If w lbs. of air are compressed per second by it h.p. in 
the steam cylinder corresponding to V^ i.h.p. in the compressor 
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cylinder, then, allowing both for friction of mechanism, and 
clearance, leakage, and other losses in compression — 

550j7,7;jU=27,710wlog, ?'» 

w= '^•'^»^^- ..... (2) 
50-4 log. I'l 

Pa 

When, by conduction in the main, the air is again at its initial 

temperature t„ — 

p,v, = 27,710 

PiV, = 192-3 .... (3) 

If x\ is the initial velocity of the air in the main, the diameter 
of which in feet is d — 

Vri =wvj = 192-3 w/p, 
■J? 

^=15-644/-^ . . . (4) 

The pressure falls in a main of length Z, in feet, from ^>j to i^t 
the amount being given by the equation — 



1 



>j"V I 7"4;3oo7ooo^z) • • ^"^ 

The available work of the air arriving at the motor with the 
pressure ]\ at atmospheric temperature T^ is, if it is used with- 
out re-heating, in h.p. — 

".="-^r[>-(i:;n 

= 173!,>v[l-(&)""]. . . (C) 
If re-heated to T3 before admission to the motor — 

Indicated work of motor = l\ = r)^i\ ... (8) 

Brake or effective work of motor = r. = 7}^i\ . (9) 

Values assumed for the Coefficients of Efficienci/. — It appears 
that the efficiency of the mechanism of compressors is from 0*85 
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to 0*87. In the following calculations it will be assumed that 
1^1 = 0*85. As to the efficiency of the process of compression, 
this varies greatly with the type of compressor. In some of the 
older single-stage compressors it is as low as 0*5. But taking 
the best of those tried by Professor Riedler and slightly rounding 
off the values — 

For single-stage compressors . . , iyj=rO-7 
„ two-stage „ ... 772=0-9 

The loss in the main must be calculated for each special case. 

For the air motors, as it is not intended to discuss the use 
of air on a small scale, it will be assumed that rj^ = 0*85 and 
rj^ = 0*9. These values are slightly below those obtained in the 
experiments, and the results should therefore be such as are 
practically realisable in ordinary work. 

Case I. — 10,000 h.p. is to be transmitted a distance of 2 
miles. Taking 77, = 0*85 and r)^ = 0*9 (two-stage comi)ression) 
the useful work of compression will be 7,G50 h.p. Now, let the 
air be compressed to 4, 8, and 1 2 atmospheres on the gauge, 
then the weight of air compressed will be as follows : — 



Csuic I 



luitial gauge 

prcfwure, 
atuiOKphercA 



Initial preiwurr, i 
IbH. per M|uure 
iiioU abwlutv j 



a 
h 
c 



4 

8 
12 



73-5 
132-3 
1911 






5 

la 



Weight of air 

comprcMe<l in Iha. 

iwr Si-coud = W 



94-54 
69-10 
69-17 



To ascertain suitable diameters for the main, let initial 
velocities of 30, 50, and 75 feet per second be assumed. For 
these velocities, and in the cases described, the diameters re- 
quired will be as follows : — 



Case I 



b 



i 0, 



• m 



Initial 


Initial 


Diameter of main 


prcHHure. 


velocity in 






IbK. per Hq. in. 


the main. 






ubfloluto 


ft. iier 8e(*nn«l 


In feet 


In inches 




rso 


3-23 


39 


73-5 


\ 50 


2-60 


30 




75 


205 


25 




(30 


20(5 


25 


132-3 


. fiO 


1-60 


19 




75 


1-31 


Ui 




1 


[30 


1-59 


19 


191-1 




50 


1-23 


15 






75 


1-01 


12 
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None of the^e mains are impracticable in size, and for the 
higher pres.snres and velocities they are surprisingly small, con- 
sidering that they are shown to be capable of transmitting 
10.000 indicated :fteam h.p. a distance of 2 mile?. It remains 
to examine whether the loss of pressure is serious. 



iDltu! ]ii:::kl Di*aitt*T Termiua! L>¥«afpre<- 

;■•*. P<rr*q. Lq. ti^nxAic in'J!X^ Irn. jwr »j. cent. i>f irjtu! 

ahs. .1 1:* ^, ft. per ate. n • * in. /». iTHfliiv 



W 3-23 72-0 20 

'3-5 •( 50 2*50 6S0 7 4 

rs 2-05 67-3 220 
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None of thesje losses would render the utilisation of the power 
impo.s>ible. and it is only at the highest pressures and velocities 
that the fall of pressure is serious. 

l^astly, the i)Ower developed at the air motor due to 10,000 
indicated steam h.p. in the compressor has to be calculated. 
The air being delivered at a distance of 2 miles, and used cold, 
the h.i». obtained will be as follows : — 
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It is very striking how little the eflSciency is affected by 
considerable changes in the initial pressure and velocity in the 
mains ; with the exception of two cases, for 10,000 steam indi- 
cated h.p. ex]jended at the compressor there is obtained from 
4,100 to 5,100 indicated h.p. at the air motor. That is to say, 
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jbEEi^ieQCy of tbe wUole arrangement, compreasor, main and 
potor, when tlie air is used cold, ranges from ti to Dl per 
k nod that with mains of quite moderate size. 

the outbid of ra-haating at tlie motor is resorted to, 
!i in no ca^e iuvotve^ any great ailditional h-ouble, and which 
from the amall amount of fuel required can often be carried out 
with very little additional expense, the h.p. obtitineJ will be as 
follows. L^t it ba supposed that the air arriving at the motor at 
60^ Fahrenheit in re-hdat«d to 300^ Fahrenheit, as in the case of 
the FarcoE steam engine, details of which are given above. 

'^ = SI = 146. 



K 


InUl.1 


Tamtaai 


luitW »do- 






1^' 


'"S"- 


^^- 


5S 


[odiHtsa 


Bntlia b.p. 


■ 




(' T3() 


80 


7,Bll 


6,761 




T3S 


«80 


ao 


7.2H7 


6,5a7 






1 6T-3 


75 


6,63S 


5.9T3 






1 ias-3 


3ft 


0,1*1! 


6.21B 




!32'3 


\ IIS'G 


BO 


C.71(i 


l!.016 






1 »2S 


75 


6.«50 


r,,363 


K 




|1B3'4 


80 


6,612 


6.961 




m-1 


1«-1 


60 


6,380 


5.7*1 


■' ' 




1 m-t 


76 


6.116 


4.e()e 



in, excepting two cases, the efficiency reckoned on 
bdicst«d power is from (54 to 75 per cent., neglecting the 
lofthe fuel for re-heating. 

^ASE li. — A loug-distance transmission uiiiy now be dis- 

Suppose, as before, that 10,000 i.h.p. is developed 

) Bt«atn cylinders of the compressors, and is to be trans- 

a distance of 20 miles. Taking the same presaures 

are, the calculations of the weight of air compressed 

I not be repeated. Tlie initial velocities previously assumed 

I however, be excessive, because the velocity in the main 

the pressure falls, and in this case, as the fall will 

Pcousiderable, the terminal velocities are much greater than 

the iuitial velocities. Initial velocities of 20, 35, and 50 feet 

r second wUl be nasnmf d. 
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None of these mains are impracticable in size. The follow- 
ing table gives the calculation of the pressure loss : — 
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It turns out on calculation that some of the cases assumed 
are impossible. That is, the whole initial pressure is insufficient 
to give the assumed initial velocity. In one other case, the 1*91 
foot main, with a velocity of 35 feet, the loss of pressure in tlie 
main is impracticably large. There remain, however, four cases 
in which neither the size of main nor the loss of pressure in a 
transmission to a distance of 20 miles is such as to render the 
transmission impracticable. In three cases the loss is remark- 
ably small, and the terminal pressure quite suitable for applica- 
tion. For instance, it appears that the air compressed by 10,000 
h.p. to 132-3 lbs. per square inch can be transmitted to a distance 
of 20 miles in a 30-inch main with a loss of pressure of only 12 
per cent. 

The power delivered at a distance of 20 miles by air motors 
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osing the compressed air can now be calculiitec). If the a 
ua6d cold, tlie power obtained will be oa follows ; — 
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^* Here the efficiency of the whole arrangement — calculated on 
the indicated power, the air being delivered at a distance of 20 
miles, and including all losses— is 40 to 50 per cent, if the air 
is used cold, and 6!) to 73 per cent, if the air is re-heateil. The 
reaalta nre based absolutely on efficiencies already obtained in 
similar cases, and the sole loss neglected is possible leakage in 
the mains. 

Fig. 69 is drawn to acale for Case lie. It is n diagram ' 
showing the relation of the work expended and useful wort 
recovered when 10,000 h.p. i a transmitted 20 miles in a main 
30 inches in diameter, ebgrtd is the work expended in a 
two-stage compressor, compressing 1 lb. uf air from H-7 to 
132-3 lbs. jer square inch. By cooling in the mains the 
volume of the air shrinks from BG to BC. The fn'ctional resist- 
ance reduces the pressure to 116'5 lbs. per square inch, when 
the air has the volume MK determined by the isothermal. 
The work done by an air motor nsing the air cold is mkae. 
If the air ia re-heated to 300° the volume expands from mk to 
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Then the work of the ai 



ML (1'46 timee). Then the work of the air motor, osing 
re-heated air, is MLHE, and elha is the importaDt gain of 
work due to re-beating. Of coarse the areas given by the 
diagram have to be multiplied hy the efficiencies given above. 




' 13 09 Cu' F^ 

FiQ. 69.— Coif BIN' BD Action of CoHPBEeaoB Haih asd Hotob. 

In an air main the air expands as the pressure falls. Hence 
in a very long'main the diameter should increase as the pressore 
falls. An expanding main of this kind has not actually been 
used. 



CHAPTER XI 
DTSTHJlirriOX OF POWER BY STEAM 

Generally, boilers producing steam are adjacent to the engines 
generating power. In special cases it has been necessary to 
convey thf> steam not inconsiderable distances before it was 
u.ced in engines. For instance, underground pumping macHnery 
in mines has been worked from Eteatii boilers at the surface by 
steam conveyed in pipes, protected as far as possible from 
heat loBsea. Nevertheless, it would hardly have been thought 
reasonable to distribute steam widely to considerable distances 
for power purposes, but for a secondary object. Steam dis- 
tributed from a central station through pipes ran be very con- 
veniently used for heating purposes, as well as for power 
purposes. The defects of steam, as a means of distribnting 
power, may be balanced by its advantages as a means of distri- 
buting heat. At any rate, in the United States the experiment 
of distributing heat and power from a central station, by steam, 
has been tried on a very large scale, and with a considerable 
amount of success. 

In 1877, Birdsill Holly patented a system of steam distri- 
Lntton for heating purposes only. The steam was conveyed in 
pipes, having anchored stntfing boxes at distances of about 
1 00 feet, BO that the expansion and contraction of tlie pipes was 
provided for, Kndiation was diminished by covering the pipes 
with asbestos atid wood. The steam was delivered into the 
houses through a reducing valve, and nsed in ordinary heating 
coils. The condensed steam was discharged through steam traps 
into the sewers. Generally, the condensed steam, before being 
discharged, was taken through coils in a chamber, through which 
fresli air entered the building. Tlie air was warmed, and the 
condensed steam reduced in temperature to about lOU'^ Fahr. 
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The heat was thus economised, and the condensed steam dis- 
charged at a temperature at which it caused no inconvenience. 
Generating and distributing plants on the Holly system were 
erected in many towns. In Lockport, for instance, in 1879, the 
main steam pipes extended a distance of 16,000 feet. 

As eariy as 1869, Dr. C. E. Emery investigated the problem 
of distributing steam in New York.* His studies led to the 
creation of the largest system of steam distribution hitherto 
carried out. Dr. Emery concluded that steam could be eco- 
nomically distributed, from one station, to buildings within a 
radius of half a mile. Ten plots of land for stations in New 
York were secured, and the construction of the works com- 
menced in 1881. Up to the present two steam stations have 
been put in operation, a down-town station, termed Station B, 
with boilers working to 16,000 h.p., and an up-town station in 
58th Street, designed for boilers of 3,000 h.p., and having about 
half this power at work. 

The pipes from the down-town station extend through 
6^ miles of streets; those from the up-town station through 
2^ miles of streets. 

Down-town Station. — This was erected on an irregular plot 
about 75 feet by 120 feet. To obtain space for the boilers, they 
are arranged in four tiers, each tier in a separate storey 20 feet 
in height. There is a fifth storey for coal storage, and a base- 
ment for miscellaneous purposes. Each floor is arranged for six- 
teen boilers of 250 h.p. each, placed in two rows, facing a central 
charging floor. The chimneys are near the centre of the space. 
The coal is dumped into small cars in the basement and then 
lifted to the top storey, where it is discharged into coal bins. 
The coal descends by gravity in chutes to the several floors. 
The ashes are discharged down chutes to the basement. The 
boilers are Babcock and Wilcox boilers. Fig. 70 shows generally 
the arrangement of the building, with one boiler indicated in 
place. At this station the pressure is generally maintained at 

' • District Distribution of Steam in the United States/ I^oo. Inst. C. £.. 
vol. xcvii. ; *The Station B Chimney of the New York Steam Companj/ 
Trans. Am. 8oo, C. E.^ 1885; 'District Steam Systems,* Trans. Am. Soe. C. JS., 
1891; *The Comparative Value of Steam and Hot Water for Transmitting 
Heat and Power,' Trans. Am. Sao. Mech. JF., vol. viii. All these papers are by 
C. E. Emery, Ph.D., of New York, and they contain nearly all the information 
available on the subject of steam distribution. 
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1891 it appears that four 
more boilers had been 
laced in the fourth 

Up'loiim Station, — 
'his \a designed to con- 
tain twelve boilers of 200 
to 2oO h.p. each, of which 
half were in place in 
1S91. The boilers are 
floor, with coal 
irage above and base- 
it below. The plant 
1 to carry 
m of 80 lbs. pressure, 
but the pressure has 
generally been lower, and 
the steam is supplied in 
winter only. 

The steam distributed 
is used chiefly for heating 
purposes, but a consider- 
able quantity is also sap- 
from Station B for 
'er purposes. It is 
for driving steam 
working printing 
isas, electric lighting 
ihinery, lifls aud ven- 
iting machines. In 
"17, about 500 steam - — 1. 
s were sap plied 
Station B. 
Cuft of Steam. — -The 
for steam is based 
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Sotnetimea for convenieiice two diapliragms are ari-anged at one 
variator. At the olbons and at the vaiiators tlie pipes niv 
ancliored to the biickwork. The service pipes are taken i-S 
from the anchored ends of the pipes. 

Protection n^retWt ltit4lalion Imm. — To prevent radiation 
from steam pipes variouB materials are used — straw laid parnllf! 
to the pipes and covered with loam, felt, cork, fossil meal, fii'k: 
irUkhei, slag wool, and asbestos. Slag wool is vei y effective, iind 
is obtained by blowing atoain through molten slag. Then' 
seeme to be some doubt, however, whether, if the oiit-side <i 
the pipe is moist, it does not increase corrosion. In anv cas-,- 
it is desirable to keep the out^•ide of the pipes dry, and this iii 
most likely to be secured if they are kept contimionsly healed. ■ 

Let k lbs. of steam be condensed bj- radiation p*-i' sq. '(%. i.f 
the surface of the pipe per hour. Then if G, is the weight of 
steam entering and G, the weight of steam delivered at tlip 
other end of a main of diainet-er d and length I 
u, = Oj + vdlk. 

The fraction of the steam condented and for useful puqi-js.-:^ 
wasted by radiation is 

_ O, — G, _ trdlk 

^ ~ol ' Gj "+ TT (77 h 

QbrioDBly Hie proportion of the steam wasted increases as c. 
■ ki^m nsi'd, dimimt>bea. It will be greater as the demand 
E-am is amalh-r. 

la Sew York the pipea are laid in brick trenches, the brick- 
Kk«pt 4 inehes nwu^ ft-om the pipes. The pipes are 
L Mkl ibi! ftpaco liefween pipe and brickwork packed 
-_ _ ^ ^^ Orer l*itJ pir^'* '» " '■^'"'' o*" short, taned pluula 
^ - -_t Thrae ore covei-ed by tarred pnjKT carrii^ 

. ' - ntWi toexcltide percntaliug w.it.T. Thitre 

^ 'y,' ," -.rcdliite pierf) with )iiiddle» *»■ - ' ^mw ijiu 

p. 19-1) , . .1 ■ " 

r -* l,,.■t^^l■t•ll the var 

pressure and i. -" 'r.-idun' 

exhaust steam tu T^bwieml 

direct into the sewt 
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r Yiwk, where in some cases the steam is eupplit-d to con- 
a having no control of the buGemeiits of the buildings, and 
B the steam pipes themselves must be drained at i-very dip, 
e difficult to ensure the diechsrge of the water at a low 
K-rattire. If the water is discharged at a temperature above 
212°, it generates steam when the pressure is released, ilr. 
Emerj- states that since the use of return mains was discontinued 
much steam is finding its way into the sewers, and escaping at 
times from man-holes, Mr. Emery's present opinion is, that 
rolled brass return mains should be used, with cast-iron fittings. 
If the feed is returned t*j the boilers at 200° or 1312°, he estimates 
that there 'm a saving of 10 percent, of fuel. This would make 
it pay to ose brass return mains. Sir. Emery believes that the 
steam system has been a great public convenience, and that, 
where property owners would associate themselves to erect a 
steam plant for the improvement of their property, the enter- 
prise would be a remunerative one. He also thinks that steam 
systems for winter use only, the plant being shut down in 
summer, would pay well, partly because verj- cheap coal can be 
used. The Xew York plant, in spite of some faulte almost 
inevitable in a new enterprise, is running, and yielding a large 
income. Many buildings would have their rental value materially 
^Mtered if the steam supply were cut off. 

^^te'Ae Pipe Majve. — Cast-iron pipes with flanged joints have 
^^■l used, but in the United States the pipes are welded 
Tmnght-irou pipes. In the original Holly system the jointa 
were sttiffing-bos joints, to permit free expansion and con- 
traction of the pipes. The stuffing boxes give great trouble, 
even with low pressures, and involve the construction of a great 
number of man-hcles for access to the joints. In the New 
York supply thick cast-iron ilanges are fi.xed on the ends of 
the wrought-iron pijies. At first the wiought-iron pipe was 
fixetl in a slightly conicul hole in the cast-iron flange by rolling ; 
ihe end of the i-ipe was turned square and abutted against 

Inned shoulder. A caulking space a quarter inch wide 
■tJOB inch deep was left at the back of the flange. The 
r pipes used have screwed ends. A cast-iron flange is 
wed on, and iron cement caulked into a space at the back 
of the flange. Some of the joints have flat faces on the flanges ; 
,4>UierH have a spherical joint on the flanges, permitting a 
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limited variation of direction of the pipes. The joints are 
made tight by a copper ring smeared with thin red-lead. 

At New York the large pipe^ are 16, 15, 13, and 11 inches 
external diameter and about a quarter inch thick. The smaller 
pipes are the ordinary standard wronght-iron piping. For the 
larger pipes, i£ p = steam pressure in lbs. per sq. in., d = dia- 
meter in inches, t = thickness in inches, then 

t Si cpd 

where c is 0-00022 to 0-00026. 

Vaaiators or Expansion Joints. — ^The variation of tempera- 
ture in steam pipes is very great, and provision must be made 




a: 






Fio. 71. 



Fig. 72. 



for permitting expansion and contraction without straining 
the joints. If the range of temperature amounts to 130° or 
150° the pipes will expand and contract ^j^th to ^-Ji^th of 
their length, or, say, 1 inch in 50 to 62 feet of leugth. Holly 
used stuffing boxes, but these give great trouble from leakage 
and the wearing of the packing by the sliding of the pipes. 
Bends (fig. 71) may be used, but these allow only limited 
motion. A better plan is to combine bends and stufl^g boxes 
(fig. 72). Then the pipe rotates in each stuffing box without 
sliding longitudinally, and the wear of the packing is diminished. 
Flexible diaphragm joints have been tried, but as usually made 
they permit only a very small amount of motion. If the dia- 
phragm is strong enough to resist the pressure, it is so stiff that 
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^^^^^^^^^ ami 

^Huy a email amoimt of bending is iiossible without overirtraining 

^^9te diaphragm. 

In tiie New York supply Dr. Emeiy has adopted very thin 
diaphragm plates of copper, supported by radiating hinged bars. 
Thus a flexible and seneitive diaphragm is obtained, perfectly 
steam-tight, and the steam pi-essure is carried by the movable 
radiating bars. 

Fig. 73 shovrs one of these variators. The corrugated 
r diaphragm is 004 inch thick. The inner and outer 

r 




^■^s of the diaphragm are Hat, and are clamped between strong 
cast-iron plates. On either side of the diaphragm are the loose 
bars resting at each end on rough knife edges. Each radiating 
pliite supports a part of the diaphragm, without in any way 
hindering its motion. The length of the radiating plates is 
fi inches. The set on one side of the diaphragm resist the steam 
pressure; the set on the other side support it, if a vacuum is 
nccidentally formed in the pipes. The movement at each 
variator rosy amount to IJ or IJ inch without overstraining 
the diaphragm. A variator is provided for each 50 feet of pipe. 
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Sometimes for convenience two diapliragms are arranged at one 
variator. At the elbows and at the variators the pipes are 
anchored to the brickwork. The service pipes are taken off 
&om the anchored ends of the pipes. 

Protection against Radiation Loss. — ^To prevent radiation 
from steam pipes various materials are nsed — straw laid parallel 
to the pipes and covered with loam, felt, cork, fossil meal, papier 
mdchSj slag wool, and asbestos. Slag wool is very effective, and 
is obtained by blowing steam through molten slag. There 
seems to be some doubt, however, whether, if the outside of 
the pipe is moist, it does not increase corrosion. In any case 
it is desirable to keep the outside of the pipes dry, and this is 
most likely to be secured if they are kept continuously heated. • 

Let k lbs. of steam be condensed by radiation per sq. ft. of 
the surface of the pipe per hour. Then if Gj is the weight of 
steam entering and Gj the weight of steam delivered at the 
other end of a main of diameter d and length I 

Gj = Gj + TT d Z i. 

The fraction of the steam condensed and for useful purposes 
wasted by radiation is 

G, — G« irdlk 

97 = - * ^ — 



Gj Q^ '\- irdlk 

Obviously the proportion of the steam wasted increases as g^, 
the steam used, diminishes. It will be greater as the demand 
for steam is smaller. 

In New York the pipes are laid in brick trenches, the brick- 
work being kept 4 inches away from the pipes. The pipes are 
asphalted and the space between pipe and brickwork packed 
with slag wool. Over the pipes is a roof of short tarred planks 
bedded in cement. These are covered by tarred paper carried 
well down the side walls to exclude percolating water. There 
are usually two inteimediate piers with saddles supporting the 
pipe, in each 50-foot length between the variators. At all dips 
traps are connected for discharging condensed steam. 

Leakage, — It is clear that veiy considerable difficulties aroee 
in New York from leakage of steam, and repair was difficult, 
because the steam supply could not be stopped. Dr. Emery 
attributes the-se difficulties entirely to bad workmanship. 
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In 1886, the losses due to leakage were investigated, the 
return mains being then in operation. With steam for 6,000 h.p. 
supplied in winter and for 3,000 h.p. in summer it was estimated 
that the radiation loss amounted to 150 h.p. and the leakage 
loss to 500 h.p. That is 2^ per cent, and 8^ per cent, on the 
winter supply and 5 per cent, and 16^ per cent, on the summer 
supply respectively. In 1887, with nearly double as much steam 
supplied, the radiation loss was estimated at 350 h.p. and the 
leakage loss at 720 h.p. 

Size of Mains, — The pipes are designed for a velocity of 
80 feet per second, and it is believed that at this velocity the 
pressure loss does not exceed 10 lbs. per sq. in. per half mile of 
transmission. 

Let w = weight of steam flowing per hour in lbs. 
d =■ diameter of main in inches. 

Then, Dr. Emery's rule can be put in the form, — 

w = 100 d^ 

Quantity of Power transmitted hy Steam Mains, — Let u be the 
velocity of the steam in the mains, and v the volume of a pound 
of steam in cubic feet. Then 

4 V 

If u = 80 feet per second, which is not excessive considering 
the small density of steam, 

w = c '^ d^ 
4 

where c is a constant depending on the steam pressure. 



Gauge pressure, 
lbs. i>er square inch 



45 

75 

125 



Absolute pressure, 
lbs. per square inch 



60 

90 

140 



Cubic feet per lb. 

704 
4-81 
3-18 



11-36 
16-63 
2515 



If 30 lbs. of steam per hour will develop in ordinary engines 
one i.h.p., then the h.p. transmitted by a main is 

H.p. = 120 w = 94c cP 
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Diameter of main 
ininohes 


Steam gauge 

preseurei 

Uml per square inch 


Weight of steam 

ooDTeiTed, 
Ibt. per seoond 


H.P. transmitted 
by main 

1 


6 
6 
6 
12 
12 
12 
18 
18 
18 


46 
75 

125 
46 
76 

126 
45 
76 

126 


2-23 

3-26 

4-93 

8-92 

13*05 

19-74 

20-07 

29-38 

44-46 


267 
391 
592 
1,070 
1,670 
2,370 
2,410 
8,530 
5330 



These figares are necessarily rongh values. Bnt they show' 
that, with steam, very large amounts of power can be transmitted^ 
without serious pressure loss, through mains of moderate size. 



CHAPTER Xn 
DISTRIBUTION OF GAS FOR POWEIt PUIIPOSES 

The distributiou of gas in town districts to many consumers for 
nse in generating power involves nothing new or untried. The 
convenience and cheapneBsofthtsmpthod of distributing a means 
of obtaining power are so remarkable, ttiat a considerable 
development of the use of gas for power purposes ia likely to be 
effected. Power can bo obtained from a gaa distribution in large 
or small quantities, with freedom from many of the drawbacks 
attending the use of steam power, and at a cost proportional to 
the amount of power actually used. Two independent systems 
of supplying gas for power pui-poses have to be considered. In 
one ordinary lighting gas is used, and the demand for gas for 
generating power is in that case an important secondary source 
of revenue for existing gas companies. In the other a gas of a 
cheaper description is manufactured and dbtributed specially 
for generating power. 

In the United Kingdom there has been expended on capital 
account in gaa undertakings, chiefly for lighting purposes, a aum 
of 60,000,'JCO/, The amount of coal carbonised annually is 
10,000,000 tons, and the quantity of gas manufactured is 
98,000,000,000 cubic feet. If all this wei-e used for producing 
power it would furnish alx)iit 1,000,000 h,p, tor 3,000 working 
hours in the year. Lighting gas is already in many towns used 
on a considerable scale for heating and power purposes. Mr. 
Trt-wby, the President of the Institute of Gas Engineers, estimates 
that in the London district alone there are 70,000 gas cooking 
and heating stoves, and 2,500 gas engines. 

Gas has one advantage over electricity or conapressed air, 
namely, that storage can be so cheaply provided that the manu- 
facture can be carried on continuously and unifonnly throughout 
the tvrenty-four hours. 



256 DISTRIBUTION OF POWER 

Use of Lighting Oas for Oeneratirig Power, — The cost of 
ordinary lighting gas is not so great as to preclude its nse on a 
large scale for power purposes. Taking the cost of lighting gas 
at 2«. to Ss. per 1,000 cubic feet, and the consumption of gas in an 
engine with an ordinary varying load at 26^ cubic feet per 
effective h.p. hour, the cost of the power for gas only is 8/. to 
121, per effective h.p. per year of 3,000 working hours. For 
interest on the cost of gas engine and engine house, depreciation 
and wages of engineer, an allowance of 31. per annum per 
effective h.p. is sufficient. Hence the total cost of power derived 
from lighting gas would be from 11 Z. to loZ. per h.p. per year of 
3,000 hours. 

It must be pointed out, however, that the price charged for 
lighting gas includes interest on a large network of mains, and 
the loss due to leakage over an extensive area. This part of the 
cost is not fairly chargeable against gas used for power purposes. 
In a distribution of gas for power only, the system of mains 
would be comparatively simple, and it would not be necessary 
to provide for the wide fluctuations of demand which occur in a 
distribution for lighting. There would be comparatively few 
consumers each taking comparatively large quantities of gas. 
It appears that the cost of manufacturing gas, including coal, 
wages, and petty stores, is about lOd, per 1,000 cubic feet. 
Probably 18d. per 1,000 cubic feet would allow margin enough 
for profit and cost of distribution, to power users in a manu- 
facturing quarter not unfavourably distant from a generating 
station. But, at that price, the cost of power for gas only would 
be GL per effective h.p. year, and the total cost 91. per effective 
h.p. year, including interest and depreciation on the cost of gas 
engine and labour. 

The Dessau Central Station for Mectric Lighting, — This 
station was put in operation in 1886, having been erected by 
the Gas Company with the object of increasing the consumption 
of gas during the daytime, and at the same time of meeting the 
demand for electric light. It has since been extended, and it 
has been successful enough, both mechanically and financially, 
to show that the production of power from lighting gas on a 
fairly large scale is practically and commercially possible. 
The motor installation consisted at first of two 2-cylinder 
Obto system gas engines, of 60 h.p. each, one single-cylinder 



engiSFi of 30 h.p., and one of 8 h.p. The group of engines 

worked np to about 160 effective h.p. The dynamoa were 

driven by belting and counter-shafts. In 1 89 1 , au engine of 1 20 

effective h.p. was erected with directly coupled dynamo, and one 

^of tbe CO b.p, engines .lud the 30 and 8 h.p. engines were re- 

^^Hved. The jacket water is cooled by aii' coolers and used over 

^^^■nn. The air coolers liave 1,07€ sq. tb. of cooling surface, 

^^^■injector worked by pressure water fi-om the town mainii being 

^^^K to circulate air through the cooler. The consumption of 

^^^■er is 5 gallons per h.p. hour fur all purposes. 

^^H^In an electric station, gas engines have the advant-age that 

' they can be started and stopped when required, and they have 

no stand-by losses like, those of steain boilers. On the other 

hand they do not work efficiently except at full load. At 

Deasau, a large accumulator battery is used for storing energy 

when the demand would not keep the engines fully loaded, and 

re-storing it in hours of small demand when tJie engines are 

stopped, The efficiency of the battery is 79 per cent, on the 

average of the year. Alwnt 52 per cent, of the whole supply 

^jaBae& through the battery, so that the waste of current in the 

^^Bter}- is about 1 1 per cent, of the total yearly supply, 

^^■The average goa coneumption (before 1891) waa 20^ c. ft. 

IflPw effective h, p. hour.' Motors of varying power were adopted at 

first, with an idea that tliey would best supply a varying demand. 

The constructora of the station now think that the accumulator 

battery renders this unnecessary and that motors of a larger 

and uniform size would be more, economical. They claim as 

advantages of a gas plant compared with a steam plant tiat less 

space and less water are required ; that there is absence of smoke 

and danger of explosion ; and that gas stations can be distri- 

bated more easily over the district to be supplied. 

DiflrilinHon of Kaiural Gas al Pillxbur-jb,, U.S.A. — A re- 
markable caae of distribution of gas, for heating and power 
pnrposes, has been in operation at Pittsburgh.' The natural gas 
has almost entirely taken tlie place of coal in manufactories and 
for domestic heating, in a district where coal is exceedingly 



' Tt is Btated to be noi 
of the dTuamo. 

' See n paper by Mr. 
Iron and Sted Inatilute. 



3Q cubic feet per KUowatt liour at the teriuitiBls 
\ni\rew Camegie on ' Natural Gas,' reaii Ijufore th© 
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cheap. Coal can be obtained at Pittsburgh for 4«. to 5s. a ton, 
and coal slack at 28. to 28. 6d. a ton. 

The natural gas was met with in boring for oil, and was first 
used to raise steam for the oil pumping engines. At 18 miles 
from Pittsburgh an enormous outburst of gas occurred, which for 
five years was allowed to bum to waste. Then a company 
engaged to take it a distance of 9 miles to Messrs. Carnegie's 
works. They were to be paid for the gas the value of its 
equivalent in coal until the capital cost of the pipes was repaid. 
After that the gas was to be supplied at half the cost of its 
equivalent in coal. In 18 months the cost of the pipes was n^- 
paid, and the gas was then supplied at half the cost of its equiv- 
alent in coal. It was afterwards conveyed into Pittsburgh and 
to still greater distances. When Mr. Carnegie described the 
operations, there were eleven gas mains, of 6 to 12 inches 
diameter, conveying gas to Pittsburgh. 

The largest well discharged 30 million cubic feet per day, 
and other wells half that quantity. At the wells the gas had a 
pressure of 200 lbs. per sq. in., and at Messrs. Carnegie's works, 
9 miles distant, the pressure was 75 lbs. per sq. in. This gave 
rise to diflSculties from leakage, and it was found desirable to 
reduce the pressure in the pipes, in towns, and even to place venti- 
lating pipes at every joint in the mains, leading the leakage above 
the level of street lamps. In using natural gas, one fireman can 
manage boilers developing 1,500 h.p. 

Manufacture of Special Gas for Heating and Oeneraiing Power. 
A cheaper gas than lighting gas can be manufactured for heat- 
ing and power purposes. (1) Producer Oas^ obtained by forcing 
air through incandescent coke or anthracite. The resulting gas 
is mainly carbonic oxide and nitrogen. (2) So called Water Gas^ 
obtained by injecting steam through incandescent coke or 
anthracite. Such gas has a volume of about 26 cubic feet to 
the pound, and will develop about 7,373 Th. U. per lb. In 
manufacturing water gas, air is first blown through the fuel till 
it is incandescent, and then steam, the alternation being repeated 
as necessary. (3) Dowson Gas, made by passing air and steam 
through incandescent coal or coke. This gas contains hydrogen, 
carbonic oxide, and 'a considerable quantity of nitrogen. Four 
volumes of it are about equal in calorific value to one volume of 
lighting gas. It develops 160 Th. U. per cubic foot, or about 



^Kr mt< 
^Pptalc 



2,382 Th. U. per pound. With anthracite at 13.<. a ton, Dow- 
Ktn gas costs about 2(1. per 1 ,000 c. ft. for fuel used, find exclusive 
r intereet and depreciation of plant. Dr. ilonaco gives the 
J cost of producing Dowson gaa at 4rf. per 1,000 c. ft., and 
! calorific power as one-fourth that of lighting gas. In that 
case Dowson gas is in heat value equivalent to lighting gas at 
If. 4'7. per 1,000 o. ft. (-t) Mr. Thwaite has proposed for 
power puqMses a gas of about 12 candle power, obtained by 
mixing ligliting gas and producer gas. According to him such 
a gas could be tiianufactured for -Id. per 1,000 c. ft., and dis- 

Cuted and sold at Is. 4d. per 1,000 c, ft. Its calorific power is 
e less tliau that of lighting gaa. 
The following table contains data of the density and calorific 
le of various kinds of gas : — 



Dbsbiti ajjd Cai-oripio Valub o 



Manchester gas 
American gas 
London gas . 
Petrolcuiu 
HUsbtirsb gas 
London gas . 
DowsiB gas . 
Water «u {«) 

„ - •■ <»> 

Dowaan gaa . 





CloriB 


■- TiJae 








OoblBhrt 
p«lb. 












V«ct^ 


_ ._ 


"Z 


- 




26-5 


G16 


16,390 


31-7 


617 


20,801 






20,399 


2»T5 


833 


30,610 


.10-3 


6»3 


19.10!) 


U-89 


IBO 


2,382 


2fi-0 


384 


7,37S 


SOS 


*0W 


13,317 


MM 


— 


4.826 



^.^ 


Vglumi. 


a 


wirtnir 
Inc. ft 


- 


fi29 


8'4S 
836 
3'27 
3-36 
0-33 


750 
2'7* 


— 


2-00 



(a) Not carburctted (A) Caiburctt«d, 

I Formula for Flow of Gas in Pipes. — Let P,, Pj be the initial 
S terminal pressures in a main of length L (foot units). The 
Kjity of flow is given by the equation ' — 



Vr 



u, is the velocity at the inlet of the pipe. For pipes of 
,r section and diameter d, m = rf/4. For lighting gas 

' UBwin ; Dirtf ibution of Power by CompreBsed Air,' Proc. TmL C. K., 
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c =s 130 ; for Dowson gas c = 64. Let the temperature be 
60** F., or the absolute tempei-ature t = 521°. Then err = 
67,730 for lighting gas, and = 33,344 for Dowson gas. ?, the 
coefficient of friction, = 0-003. Introducing the numerical 
quantities, for lighting gas — 

«,= y/jl81,700,000^ ^i!^} 

for Dowson gas — 

«,= .^{89,450,000 J- ^'^i^'l 

where the pressures are in lbs. per square inch. 

When the initial velocity of flow is given, and the terminal 
pressure is required in terms of the initial pressure, for lighting 
gas— 

P^^P^VV " 181,7()0,000"d! 
for Dowson gas — 

Pi=Pi\/ [^ - 89;45o;oo(rd) 

Case I. — In an ordinary gas distribution the difference of 
pressure producing flow is small, being about 2^ inches of 
water. If P2 = 14*7 lbs. per square inch, ^jj = 147361, and 

^1!^??!= 0-00506. 

The equations reduce to — 

u, = 959-4 a/ ^ 
for lighting gas, and 

= 673-2 a/ ^ 

for Dowson gas. 

The quantity of gas delivered in cubic feet per hour will be 

3,600 X Td^^iy. 
4 

Assume a distribution to a distance of 5,000 feet. Then, 
with the given pressure difference of 2^ inches of water column, 
the quantity of gas discharged and its equivalent in power will 
be as follows : — 
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FOWBB TOAKSJIITTED IN Ga£ KAiXA 

1, 5.000 feet ; pressure prodaciog Hon, 2| iDchee ol wster colnnm. 
A. — lAfkiing Gat 



""S^E^"^" t^^-^ '^^i"' 




6 959 ' 6,782 
12 13BT 38.360 
24 18-19 1 SIT.IOO 
36 £3'50 1 G!IS,000 


2B6 

8.189 
2B.660 



B. — DoKSM Oat 



-ssi- 


iDitinl retodly 


CatmteH 


H.P.MW1 
caUs tun IMT 

^,.^ horn- 


6 
13 

a* 

as 


6-73 
9'G9 
13-46 
16-48 


4,TGB 
26,910 
163.300 
419,600 


63 

299 

1.892 

4.662 






It will be seen that none of the velocities nuder tliie preasnre 
excessive. The Dowson gas being heavier, the friction is 
Aet and the quantity flowing is less. Fuilher, as the heat 
of Dowson gas ia less than that of lighting gas, the amount 
power transmitted in a main of a given size is only about 
■fifth as much for Dowson gas as for lighting gas. 
Case II, — It may next be inquired what would be the result 
using greater preaaure to force the gas through the mains 
usual in supply foi- lighting. In ordinary gas mains it 
found unadvisabie to increase the pressure, because of the 
increase of leakage. In the distribution of gas for power pur- 
poses this objection would have less weight. The network of 
mains would be simpler, and, the consumers beiug fewer, there 
would be fewer joints aud valves to cause leakage. By the 
adoption of some really efficient joint, like that used in the 
Paris air mains, leakage could be almost reduced to zero, llie 
lure which would, then, seem to be desirable for a gas power 
ibutjon is the pressui-e which would produce in the mains 
highest desirable velocity of flow. It may be taken from 
the analogy of compressed air mains that 45 feet per second 
is a quite unobjectionable velocity. 

Assuming this velocity as the initial velocity in the mains, 
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the problem is to find the neceesary initial pressare. The 
equations become — 

Pi 



for lighting gas, and — 

^1 = 



\/l'-55; 



I 

730 d» 



P% 



\/[^^4A, 



180 c2 



for Dowson gas. 

For a transmission to a distance of 5,000 feet we get the 
following results: — 

FOWBB TBAMSMITTED IN GAS MAIKB 

Length, 5,000 feet ;^, - terminal pressure = 14-7 lbs. per square inch ; 

initial yelooity, 45 feet per second. 



Diameter of 
main in ins. 



Initial relodty 
in ft. per wo. 



Initial absohite 

pretanre, 
Ibfl. per sq. in. 



Differeooeof 

preesnre pro- 

dooingflow 

in incnea of 

water 



Qoaatityof 

gaaino.ft. 

perhonr 



H.P. trans- 
mitted 



A. — Ordinary Lighting Qob 



6 
12 
24 
36 



6 
12 
24 
36 



45 



15-60 
1512 
14-90 
14-84 



24-7 

11-6 

6-5 

8-9 



31,815 

127.260 

509,040 

1,146,340 



1,200 

4,800 

19,210 

43,200 



45 



B. — Dowum OoB 






\ 16-71 
15-61 
1514 
14-99 


55-5 

25-2 

12-2 

8-8 


81,815 

127,260 

509,040 

1,145,340 


353 

1,413 

5,655 

12,722 



Cost of Oas Engines and Dowson Oas Plant. — ^The following 
estimate ^ of the cost of a gas plant for an electric lighting 
station may be useful for comparison with the cost of steam 
plant previously given. 



Dowson gas plant for 1,160 iJi.p. . 




. £2.000 


Seven 122 b.h.p. gas engines 




. I 9,012 


Two 61 b.h.p. gas engines 




Two 34 b.h.p. gas engines 




. <* 


Dynamos and belting . 




5,495 


For 696 Kilowatts, total . 




. £16,507 


> Proe, Ingt. C JB,^ vol. oxii. p. 96. 





CHAPTER XIII 

ELECTRICAL TSAXS:!tiISSIoy OF POWEU 

In 1877, Dr. William Siemens indicated the practicability and 
the probable commercial iniportance of the electrical tmiismiRsion 
of power to considerable distances. In an addreas to the Iron 
and Sti-el Institute he stated that a copper rod 3 inchea in 
diameter would transmit 1,0(J0 h,p. thirty miles. In 18&3, 
he delivered a lecture at the Institution of Civil Engineers on 
' The Electrical Transmission and Storage of Power,' but the 
only practically working transmissions which could then be 
described were the Lichterfelde and roitrnsh railways. About 
thnt time Marcel Deprez experimentally transmitted 3 h.p. a 
distance of 25 miles by ordiiiaiy telegraph wires, using a 
pressure of 2,(J0U volts, and obtaining at the motor only 32 per 
cent, of the energ;y expended. 

It has from tliat time been hoped that the transmission and 
storage of energy for motive-power purposes would be one of the 
largest fields of electrical enterprise. Much progress has been 
made, especially in the last five years. But, having regard only 
to plants actually at work, it must be confessed that the total 
amoant of power transmitted electrically and used for induatrial 
purposes, eschisive of traction, is not yet very great. In Mr. 
Gisbert Kapp's Cantor Lectures on the ' Electric Transmission of 
Power,' only one plant of considerable niagnitade, that at Schafi- 
hausen, is described. At Schaffliausen two turbiiiea, of 350 h.p, 
each, drive continuous current Oerlikon generators designed for 
an output of 330 amperes at G24 volts. Four cables, each of a 
section of 0' 137 sq. in., convey the current 750 yards to actuate 
utors in a spinning mill. The power is sold at 21. \tU. per 
, per annum, This installation is to be considerably ex- 
Bod. In republishing his lectures Mr. Gisbert Kapp addi'd 
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a description of the Kriegstetten and Solothum installation for 
transmitting 50 h.p. at a pressure of 2,000 volts a distance of 
5 miles. ^ This is a continuous current system constmcted by 
the Oerlikon Works. The commercial efficiency, when 23 h.p. 
were received at Solothum, was 75 per cent. A number of other 
installations of a similar type, in which 50 to 300 h.p. have beeu 
transmitted 350 to 8,000 yards, have also been erected by the 
Oerlikon Company. 

A very interesting continuous current transmission was 
constructed in 1889 by M. Hillairet, of Paris, at Domdne, near 
Grenoble. A turbine of 300 h.p. drives a generator giving a 
current of 70 amperes at 2,850 volts. The current is conveyed 
5 kilometres to actuate a motor in a paper mill. The efficiency 
of dynamo, Une and motor is 65 per cent. The transraissioii 
haa worked night and day with great regularity. 

In all these cases direct currents were used. In 1891 
alternating currents were employed in the striking Lauffen- 
Frankfort experiment. There 100 h.p., obtained from water 
. power, was transmitted 108 miles with a loss of only 25 per cent. 
The experimental plant was erected by the co-operation of the 
AUgemeine ElectricitSts Gesellschaft of Berlin and the Oerlikon 
Company of Zurich. High tension ranging from 16,000 to 
30,000 volts was used in transmission. This was obtained by 
step-up transformers at Lauffen, and step-down transformers were 
used at Frankfort. The cost of the transmitting line has been 
stated at 15,000i. 

The special object of the experiment was to illustrate a 
solution of the problem of transmitting power by alternating 
currents. With the three-phase system, motors which are self- 
starting, without commutators, and very simple in construction 
can be used. The Lauffen dynamo also was of simple con- 
struction and mechanically of excellent design. At 150 
revolutions per minute it was capable of developing three 
alternating currents of 1,400 amperes each, at 50 volts above 
their common connection, equivalent to about 300 h.p. But it 
was usually worked at about 100 h.p. during the exhibition. 
The currents had 40 alternations per second. The conductors 
were of hard-drawn copper 4 mm. (0*16 inch) in diameter, having 

> See also report by Professor Weber, Die LeUtung der ^eetritehen Arieiii' 
iihertragung von Krieggtetten naoh Sokthwm, Ziiiich, ISSS. 
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fsigtnnee of 2 ohms per mile. Each conductor served as a 

3 to the other twci. The line was can-ied on 3,227 woo<len 

poles, the spans Ijeing 200 feet. The insulators were of porcelain, 

some of tliem having thi'ee oil grooves, but most only one oil 

groove. Both high and low tension circuits were grounded at 

the neutral point., or junction, of the three conductors. At 

Frankfort the current was transformed to 75 volta, and used 

partly fur incandescent lamps, partly to drive a 100 b.p. motor. 

The greatest amount of energy transmitted ia stated to have 

been 180 h.p. 

^^p As an example of yet another system of transmission, the 

^^MteUation by the Westinghonse Company at the Gold King 

^^Bae, Telluride. Colorado, may be mentioned. There a Pelton 

^^ater-wheel drives an alternating current generator. The 

current is carried by an overhead line on posts n distance of 3 

miles, and actnates a synchronising motor of lUO h.p. The 

motor is started by a special Tesla motor. 

In these ti-ansmissioiis, and in nearly all hitherto carried out, 
one or more generators drive one or more motors belonging to 
a single industrial nndertaking. In such cases much of the 
difficulty and complication involved in a general distribution to 
many consumers are avoided, and the inconvenience and damage 
of n temporary stoppage, due to a breakdown of the line or 
ligfatoing accident, are minimised. When the Niagara Com- 
mission met in London in 1891, onlyone case was known where 
power was distributed electrically to many consumers. That 
waa the interesting installation at Ojonaz, not far fi-om Geneva, 
erected by Messrs. Cuenod Sautter & Co. Turbines of 2-50 h.p, 
at CUarmities generate a continuous current at 1 ,800 volts, 
which is transmitted 8 kilometres by an overhead tine to 
Oyonaz. Iliore the current is reduced in pressure by motor 
transformors, and is distributed, partly for lighting, partly for 
driving small motors in a number of workshops. With a supply 
of cheap power rhe village was very prosperous, when the author 
saw it in 1892 ; but at that time only about ■'SO h.p. was 
distributed for power purposes, and 40 h.p. for lighting. 

In a great deal that has been said about the electrical distri- 
bution of power one thing has been too much overlooked. Means 
of transmitting power, even to considerable distances, have long 
lieen known. 1'bat they have not been more widely adopted is 
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due, not to any risk of mechanical failure, but to the cost of 
transmission. If electrical transmission is to be extensively used, 
it must be when it can be carried out so cheaply, that power can 
be supplied at a less cost than that at which consumers can pro- 
duce it for themselves. 

Much has been accomplished in distributing electricity for 
lighting. But a higher price can be paid for electricity for 
lighting than for power purposes. Every Electric Lighting 
Company would be glad to supply current from its mains for 
power purposes, if only to increase the day load on the machinery 
and reduce the idle time. In Bradford, some electric motors are 
used for working hoists, lathes, &c. Recently, in London, electric 
motors supplied from the lighting mains have been applied to 
driving newspaper printing machinery. But the ordinary price 
of electricity for lighting purposes is 6d, per unit, which is 
equivalent to about 60Z. per h.p. per year of 8,000 hours. At 
that price it can only be used for power purposes, either when 
the power is required for short periods intermittently, or where 
there is great local inconvenience in employing steam or gas 
engines. It is only where electricity costs from one-sixth to one- 
tenth of its ordinary price when used for lighting, that it can have 
any large importance as a means of obtaining power. 

In the application of electricity to traction on tramways and 
town railways, a remarkable success has been achieved. In the 
United States there are from 4,000 to 5,000 miles of electric 
tramways, for which the power is distributed from power 
stations. But for traction as for lighting a high price can be 
paid for power. 

For industrial purposes the question of cost is generally of 
controlling importance, and hence the progress of electrical 
methods of distribution has been less rapid. A review of the cases 
described above and others leads to the following conclusions 
as to the limitations of systems for distributing motive power 
electrically: — (a) When the power is initially steam power, its 
distribution electrically adds so much to its cost as to prohibit its 
transmission to any great distance in nearly all cases. (6) Hitherto 
it has only been in districts where cheap overhead conductors^ 
carrying high pressure currents, can be safely used that electrical 
methods of transmission have proved commercially successful. 

Conductors of Electricitij, — ^The laws of electric flow are m 



ELECTRICAL TRANSMISSION 



26T 



many re&pecta analogous lo tboee of hydraulic flow. The reaiat- 
auce and the loss of pressure and energy depend on the length 
and section of the conductor. The amount of current which can 
be transmitted in any given case is limited by the heating effect, 
juHt OS there are practical limitations to the velocity of flow in 
pipes. The pemiissible pressure in water mains depends on 
the strength of the pipes; the permissible electric pressure on 
the insulation. 

A much wider range of electric pressure isnllowable than can 
be permitted in fluid transmission. To carry current two miles at 
a given voltage, four times as much copper is required as to 
t ransrait it one mile, if the efficiency of transmission is the same. 
Hi-nce long-distance transmission would be eDormously costly 
but for the possibility of varying the voltage. By doubling the 
electric pressure in the two-mile transmission, the amount of 
copper rei|uired is reduced to the same as for the one-mile trans- 
misBion. Hence the whole problem of cheaply transmitting 
pi>wer to great distances depends on the use of high electric 
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loft copper has the highest conductivity, and up to tlio 
^nt time it bos been found to be the best material for con- 
doctors. Weight for weight, aluminium has nearly double tlie 
conductivity of copper, so that if its cost per lb. were leaa than 
bftlf that of copper, which in time it may be, it would hare 
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almoBt equal merit. In the case of aerial lines, where in each 
span the conductor mnst sustain the stress due to its own 
weight,^ the tenacity is of importance. The comparative value 
of conductors for aerial lines is about proportional to the product 
of the tenacity and conductivity of equal weights. Here agam 
aluminium is twice as good as soft copper and nearly as good as 
hard copper or silicon faronze. Perhaps some alloy of aluminium 
may be found not much heavier, of equal conductivity, and of 
greater tenacity than the pure metal. In that case the alloy 
might have an advantage over any material at present used. 

Laws of Steady Electrical Flow aJUmg Copper Candtidors, — 
The weight of a copper conductor of a sq. in. section is, — 

w = 3'86 a lbs. per foot. 
= 20,880 a lbs. per mile. 

The electrical resistance per unit length is, — 

where p is the specific resistance of the copper, which varies with 
its quality and temperature. For about 80^ and copper of good 
quality, p = 00000086 if Z is in feet, and p = 0*045 if I is 
in miles. A stranded conductor has about 28 per cent, more 
resistance, if a is understood to be the gross section, not 
deducting spaces between the strands. 

Let I be the intensity of the current or quantity of electricity 
circulating in amperes per second, in a conductor of length /, 
section a, with a potential difierence E at the ends. Then 

E = riZ = pi?/a volts. 

The rate at which work is wasted in overcoming the resist- 
ance of the conductor is 

p I'* I j a watts 
= p i^ Z / 746 a horses power. 

When a generator drives a motor at a distance L there must 
be in general a going and return conductor, so that 2l must be 
substituted for I in the equations in finding the loss in the line. 

Case of Altemathig Currents, — When an alternating current 
is transmitted the current is not uniformly distributed over the 

^ Let w be the weight of the conductor in lbs. per foot ran, I the ^put 

and d the deflection in feet. Then the tension in the oondnctor dae to its 

weight is — 

T B 18 IT l^ld lbs. per sqnare inch. 



aection of the conductor ; there ia a tendency to accnmulation 
tow&nls the surface. Consequently for large cooduetors anJ 
high fr»|uencie3 the resistance increases disproportionately to 
the weight of copper usetl. 

It is not possible to discuss the phenomenon here, but it is 
necessary to call attention to it as one of the special difficulties 
involved in the use of alternating currents. 

Heittiiuj of the Gondnciar. — The energy wasted in the con- 
dnctor ie uspended in heating it, and the bent is dissipated by 
radiation and convection. The conductor takes a temperature 
at which there is a balance between the heatiiij^ and cooling. 
The rise of temperature which can be peimitted is limited by 
the increase of resistance, the decrease of insulation, and possible 
injury or danger if the rise of temperature is excessive. 

The moat important experiments on the heating of con- 
ductors are tliose made by Mr. Kennelly in 1880. It is beyond 
the scope of the present treatise to consider these e.tperiments in 
detAil, and in the case of large conductors information is still 
defective. For cylindrical wires in still air the beating and 

^jogling were found to be balanced when the following approxi- 

^^Hle equation was satisfied : 

F 



= (0'073<i + U'029;( 



where I is the rise of temperature of the condactor in degrees P.] 
For blackened wires the cooling was twice as great. Professor 
G. Forbes has uidicated that, for large conductors, thin strips 
will carry heavier currents thau a solid conductor. 

Effirieiu-y <if o, Generator Line attd Motor, — Let E^ be the 
potential difference at the terminals of the generator ; K„ that 
at the terminals of the motor. Then, using the expression found 
^Jfor the line reaislanoe, 

^^Rich determines the section of the conductor when the loss of 
pressure in the line is fixed. 

If T is the electrical h.p. delivered by the generator, T,^ that 
received by the motor, 

T„-T = P^. 

' " 746 a 
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The efficiency of transmission is 

w =: ^ = ?!? 

If ffg f)^ are pat for the efficiencies of the generator and motx)r, 
taking account both of electrical and fnctional losses, the 
resultant efficiency of generator line and motor is 

Ooat of Oondudora, — In general, the method of transmission 
by aerial or underground, by bare or insulated conductors, will be 
decided by local or financial considerations. Then estimates can 
be made of the cost of conductors of assumed sections. Copper 
being an expensive material, a large part of the cost of the 
transmission (as distinguished from the generator and motor 
plant) is the cost of the copper and is proportional to the section 
of the conductors. There are some other charges which vary 
with the section of the conductors. But there are also charges 
which do not vary much with the size of the conductors. Hence 
the cost of the line of transmission per mile may be regarded as 
consisting of a constant part, and a part proportional to the 
section of the conductor. 

Mr. Stuart Russell ' has given some estimates of the cost of 
conductors used in electric lighting. From these, simpUfied a 
little, some of the following formulae have been taken. Let a be 
the section of one conductor in square inches ; L the distance of 
transmission in miles, so that for a going and return conductor 
the length of the conductors is 2 L : then the cost in pounds 
per mile of the line of transmission is: — 

Cost per mile in 
poands 

Insulated cable in iron pipes or bitumen casing . 897 + 4,1 ISa 

Armoured cables in the ground .... I'^l + 4,435a 

Concrete culvert with bare conductors . . . 1,584 -i- 1,795a 
Bare conductors on iron posts, with insulators for 

lines of large capacity 500 + l,600a 

Bare conductors on wooden posts, with insulators 

for light lines 20 + 1,500a 

These formulae give the cost of the line erected, but 
differences of cost of copper, labour and carriage may involve 
considerable differences of cost in particular cases. 

> EUotric Light Cablet. London, 1892. 
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I Condition dtlermxniitg the mod Econmuieal Section of Oon- 
teiori. — BappoBe current Las to be conyeyed from a generating 
station to a point of consnmption at a distance L feet. In genera! 
the system to be adopted will be predefennined, and the coat 
of generating the current can be ascertained. Suppose, further, 
tlte kind of traDsmisBson selected so tliat the cost can be 
expressed in terms of the section of the conductor. If the fall 
of potential in the line is fijced, then the equation above gives 
the section of the conductor. The miiitmuni section of con- 
ductor is fixed with reference to the heating permitted. Subject 
to this limitation, in other cases, financial considerations govern 
the size of the conductor. In a temporary installation the txjtal 
capital cost of generator and line should be as small as possible. 
In some cases of genei-ating by water power the total amount 
of current which can be generated is fixed, and then 
considerations as to the way in which the energy is to be dis- 
posed of may impose conditions on the amount of waste in the 
conductor. But moat generally, in cases of extensive powertrans- 
missions, an indefinite amount of power is available at a tixed 
cost per h.p. at the generating station, and as much of it as is 
not wasted in the conductor can be disposed of at the end of 
the transmission, at a fixed charge per h.p. The consideration 
which then determines the most economical section of the con- 
ductor is this : the larger iJie conductor, the less waste of 
energy will occur in transmission, and the less will be the cost 
of producing that energy. On the other hand, the larger the 
condurtor the greater will be that part of the cost of the trana- 
niifisiou which depends on the section of tJie conductor, and the 
greater the annual charge on that part of the capital expended. 
Lord Kelvin pointed out, in 1881, that in such a case the most 
economical section of conductor is that for which the annual 

B of the energy wasted in transmission is equal to the annual 
rest and depreciation on that part of the cost of the trans- 
aon which is proportional to the section of the conductors. 
Casa m u-hich the Cwrmit is of Cunslanl tnieii»iiy in Worlting 
' ffoun. — For simplicityauppose one generator driving one motor 
L miles distant, the total section of the conductors being 2a. Let 
a capital cost of the line of conductors be expressed in the form 

(a + a) L jKiunds 
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where a and fi are constants, some values of which are given 
above. If 6 is the rate of interest and depreciation charged on 
the capital expended in pounds per pound J 

8(a + fia)ii pounds 

is the annual cost of the line of transmission. Now let g be the 
cost of producing one h.p. hour of electrical energy at the 
generating station, including interest on plant, maintenance, and 
working expenses ; T the number of hours per annum during 
which energy is supplied. The cost g will be greater as the 
number of hours worked is less. From the equations above, the 
energy wasted in transmission will be 



2pI«L 



h.p. 



746 a 
The annual cost of the energy wasted will be 

~7i6a 
The total annual expenditure in transmission will be 

which is a minimum, if — 

'^ 7-46 a» 



■=vi 



373/36) 



which gives the amperes per sq. in. of section of conductor. If 
the section is detem^ined in accordance with this law, the annual 
cost of energy wasted is equal to the annual charge for interest 
and depreciation, on that part of the cost of the line of trans- 
mission which is proportional to the section of the conductor. 
The adoption of this density of current is subject to the con- 
dition that it does not cause excessive heating of the conductor. 
The current density is independent of the length of the trans- 
mission. 

Case of a Varying Current, — The energy wasted in a given 
conductor is proportional to the square of the current. Suppose 
that in a given transmission the maximum intensity of the 
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nt is I, and ttat the current te, T is transmitted fi'r /, hoara ; 
for /j honrs; and so on. Then the ct^uivalent constant 
cnrreiit. or constant current for which the waste of energy would 

be the eame as that of the actna! varying current, is 



VI 



,'(,+^,'(.+ . 




wliere T = i, +(, + ... the whole yearly hours of transmission. 
It is this equivalent current which is to be used in applying the 
equatioDE above. 

In the following calculations i is to be taken as tlie cuiTent 
intensity in each coudnctor, if the current is constant, or as the 
equivalent current intensity for the actual working honrs, if the 
current varies. 

Ciikiitation of froportiom and Cost of Elect rical Tmnmnisxumi. 
In order to see how the coat of electrical traneinission variea 
with loctil conditiDnE of powei' available and distance, and with 
electrical conditions of voltage and system of transmission, a 
series of cases has been calculated. A simple transmission be- 
tween generator and motor without complex distribution is 
assumed. The interest on cost of dynamo is supposed to be 
iuciuded in the cost of the power. That on the cost of motors 
is not taken into account, nor that on the cost of transformers, 
if required. 

First of all, it is obvious that, speaking broadly, only those 
cases are suitable for electrical transmission in which the 
economical conditions governing tlie sixe of conductor can be 
complied wilh. In the following table the current density 
(amperes per sq. in. of conductor) has been calculated for 
various values of a h.p. year at the generating station, and 
for three assumed rates of interest on the capital cost of the 
line of transmission. The value of a h.p. year has been taken 
at 0-5/. to lOi, Taking the working year at 3,000 hours, this 
would correspond to a value per h.p. hour, for the power 
generated, ranging from i/=0'OW. to ;/='.i-Si/. The cost of a 
mile of two conductors, excluding that purt which does not vary 
. wit h the section of the conductors, has been taken at j3=I,795(, 
the two conductors have two sq. ins. of section. 
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Table I.— Cubrbnt Density 
3 = 1,795/. 



^T = 008tof h.p. 

year at generatiDg 
station in lbs. 


i/a s onrreut density in amperes per square inch, for rates 
of interest and depreciation 

•=•06 •=•076 «=ia 


0-5 


1,220 


1,493 


1,726 


10 


860 


1,050 


1,220 


20 


610 


745 


860 


40 


430 


525 


610 


6-0 


350 


430 


495 


80 


305 


374 


431 


10-0 


273 


334 


386 



The largest of these densities would probably involve ex- 
cessive heating of the conductor. With these exceptions the 
numbers are practically suitable. 

The following table gives the number of ampdres in the 
circuit for different amounts of h.p. transmitted from the 
generating station, at various potential differences E, at the 
terminals of the generator. 



Table II. — I^'TB^•SITY of Cubbent in Cibcuit 
H.P. - Ba 1/746. 



H.p. 

transmitted 



100 

500 

1,000 

5,000 

10,000 



100 



Current i in amperes for pressure in volts 



500 



S,500 



6,000 



10,000 



746 


149 


30 


15 


7-5 


3,730 


746 


149 , 


75 1 


38 


7,460 


1,492 


298 


149 1 


75 


37,300 


7,460 


1,492 : 


746 


373 


74,600 


14.920 


2,984 


1,492 


746 



For some of the cases given in this table, the following are 
the sections in square inches of each conductor of a line of trans- 



mission : — 



ELECTRICAL TRANSMISSION 



275 



Table III, — Section op Conductors 



" = VnfS. 



I H.P. transmittctl 
I from generator 



Economical section a of one comluctor in sq. ins. for pressures 

at generator iu volts 



100 



600 



2,»00 



5,O0U 



10,000 



Case /.—Cost of line of transmidsion proportional to eection of 
conductor = fi = 1,600/. per mile ; interest on cost of line 
7 J per cent, per annum (t - -075) ; cost of h.p. year at 
generating station = gT ^ Q'bl, 



100 

500 

1,000 

5,000 

10,000 



•386 

1-93 

3^86 

19-30 

38-62 



077 
•386 
•772 
3-86 
7 72 



•015 
•077 
•154 
•772 
1-544 



•008 
•039 
•077 
•386 
•772 



•004 
•019 
•038 
•193 
•386 



Case II. — As above, but cost of b.p. year = ^ ■■ 2/. at gene- 
rating station. 

100 ^772 ^154 -031 -015 -008 

500 3-86 -772 -154 077 ^038 

1,000 7-72 1-64 ^309 -154 ^077 

6,000 38-60 772 1544 ^772 386 

10,000 77-20 15-44 3088 1544 -772 



Case III. — As above, but cost of h.p. year — ^T = 6/. at gene- 



rating station. 



100 

600 

1,000 

6,000 

10,000 



1-338 
6-690 

13-38 

66-9 
133-8 



•267 
1-338 
2676 
13-38 
26-76 



•053 


-027 


•262 


•134 


•535 


•268 


2676 


1-338 


5-352 


2-676 



•013 
-067 
•134 
•669 
1-338 



The loss of pressure in the line in volts can now be calcu- 
lated for the cases given in the last table. 

E=/5iZ/a=2/)iL/a 

which, for a mile of transmission and for the value of ija given 
by Lord Kelvin's law, becomes 

p,Ji 

Lo8!« of pressure 
iu vults per mile 

Case I. 127 

„ II. .......... 63-5 

„ III 36-6 

T 2 
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Suppose it is assumed that, when more than 25 per cent, of 
the pressure at the generators is wasted in consequence of the 
resistance of the line, the conditions of transmission are unsuit- 
able. Then some of the cases in the table above will be of this 
class. The conditions will be unsuitable if the voltage at the 
generator is less than 



Case I. 
,. II. 
,. III. 





6 miles 


SOini!e> 


2,540 


loaco 


1.270 


5.0H() 


782 


2,9>8 



Subject to this limitation, the amount of h.p. delivered at 
the motors can be calculated for the cases in the table above. 



Tablb IV. — H.P. Dblivebed at Motors 





FiTe-mile transmissioa, 




rwenty-mile transmiadoo. 
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1 
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10,000 




Coie 


J. 






1 
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__ 
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— 
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4..S65 


4,683 
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— 


— 7,460 1 8,730 1 9,366 
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7,4601 
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— 1 ^~ 


87 


94 


97| - 1 
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87 
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r 




436 
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484 
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_— 




373 


436 


1,000 


— 




873 


936 
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— ' 746 


873 


5,000 


— 




4,365 


4,683 


4.841 






— 3,730 


43,65 


10.000 


— 




8,730 


9,366 i 9,683 






— 7,460 


; 8,730 


Cuse III, 








100 1 — 


— 


93 1 96, 98- — 




! — ! 85 


1 93 


500 






463 


482 


491' 


— 


— 427 


463 


1,000' — 




927 


963 


982 








854 


927 


5,000 


— 




4,635 


4,818 


4,909 








4,272 


4,635 


10,000 






9,270 


9,636 


9,817 




— 




8,544 


, 9,270 



The following table gives the cost of line per mile of transmis- 
sion in the cases already considered. For transmissions of 100 to 
1,000 h.p. at the generating station, the cost is calculated by 
the formula, cost =s 20 + 1,600a pounds per mile, the conductors 
being supposed to be carried on wooden posts. For trans- 
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IblBsions of 5,000 and 10,000 h.p,, cost = 500 + 1 ,(500(/, the 
' eonductoi's beinf^ on iiun posts. The distance of tranBinission 
does not affect the cost per mile. 



■■ LlJiD PKli yiLB 
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s,wo 


1 "™7" 


10,<l>ia 






Crt*c/. 




100 


44 




3.S 


37 


6011 


U3 




K3 


50 


1,000 


2«« 




143 


HI 


S.IKX) 


1,735 




I.1JH 


Mil!) 


H1.IXK) 


2.!>:o 




1,7:15 


I.IIM 






Cale II. 




100 


Rn 


44 


.S.1 


6110 


2<16 


143 




1.000 


.-ilO 


aMi 


14;t 


s.ooo 


2,'t70 






10.000 


0.140 


Com ///. 


i;735 


100 
BOO 


10.i 




en 

234 


41 
127 


1,000 


876 






1:34 


6,000 


4,7Na 




2,«I41 


1.570 


10.000 

a _ — 


9,063 




4,783 


2,r,4i 



Finally, the cost of a h.p. year delivered at the motors can 
I CBlcnlated. The interest on the coat of the line of trans- 
1 is taken at 7^ per cent. ; and tlie cost of a h.p. year at 
I generators is that given in the statement above, namely, 
ol., 3T=0'5 ; Case II,,^T=2 ; and Case III., ifT= 6 pounds 
r year. 

The following table is instrnctive, even if every allowance is 
tde for the extent to which local circumstancea, cost of carriage, 
d difficulties of various kinds in construction, may affect the cost 
r mile of a transmission. In tiie first place, it is clear how 
nportant high eU-ctrical pressure ia in making economy of cost 
nible in long transmissions. Next, it is useful to note that, 
when high pressure can lie adopted, the transmission add: so 
little to the cost of the power delivered that a greater esf endi- 
ture is <^uite justifiable, if it aecui'es more safety and security fmrn 



278 



DISTRIBUTION OF POWER 



accident. In high pressure transmissions greater ezpenditore 
on .the line of transmission would not add so much to the cost 
of a h.p. at the motors that the use of the power would be 
seriously restricted. If high pressures are used, the simplest 
precaution to ensure safety against accident to life is to fence 
and patrol the line of transmission. This involves purchase of 
land and other expenses not included in' the estimates given 
in Table VI. 

Tablb VI.— Cost of a H.P. Ybab at Motors 



H.P. at I 
generators ' 



100 

600 

1,000 

5,000 

10,000 



Five-mile tFansmiMioii 



Twenty-mile transmiraion 



Cost in pouuds of a U.p. year at motors for pressures 
io volte at geuerators of 



S,600 



6.000 



10,000 I 6,000 



10,000 



Case I, — Cost of a h.p. year at generaton 0*5/. 



100 


•89 


500 


•81 


1,(K)0 


•80 


5,000 


•84 


10,000 


•82 




Com II. 


100 


260 


600 


2 52 


1,000 


2-61 


5,000 


255 


10.000 


2-52 



•72 
•64 
•63 
•(>7 
•66 



•64 
•57 
•56 
•60 
•58 



_. I 



119 

•88 

100 
•89 



— Cost of a h.p. year at generators 2-01, 



2S0 
2-26 
2 24 
2-27 
2-22 



219 
213 
212 
215 
213 



3-65 
326 
3-22 
3-38 
3-28 



2-86 
2-57 
2-54 
268 
2 59 



Case III. — Cost of a h.p. year at generators QOl. 



6-87 


6-49 


6-28 • 


684 


6-40 


6-21 


6-83 


6-40 


620 


6-86 


643 


623 


6-85 


6-41 


621 



8-17 
7-85 
7^81 
795 
7 86 



711 
6-89 
6-85 
698 
6-90 



Wood J 
' posts I 

1 Iron 
J posU 



Wood 
posts 

1 Iron 
, J posts 



Wood 
posts 

\ Iron 

J posts 



System of Electric IVansmiitiruf Mains. — For continuous 
currents the following arrangements are possible : — {a) Single 
conductor and earth return; (h) Going and return conductor 
of equal size; (c) Three-wire system, one being a balancing 
wire. The earth return is objectionable, partly because it 
interferes with telephone and telegraph systems, partly because 
it is dangerous to life, if the potential exceeds 500 volts. 
Method (h) is most suitable where there is one generator and 
one or more motors not distant from each other, and for distribu- 
tion in series. In other cases method (c) has advantages. It 



bill eeem best to have the three conJiictors of (■qual size, 
ri that, in case of accident, to one comluctor, the two othei-a 
cnultl be ased to supply current, as in method (('). At tlie 
station where the three-wire transniiseion terminates, the diatri- 
^^hutiiin to local circuits can be from time to time re-arranged 
^^Ki;as ta keep the current in the balancing conductor small. 
^^H For alternating currents of single phase, a going and return 
^Hmductor may be naed. For alt^-niating currents of two phases 
it is possible to transmit by three conductors, but it appears 
preferable to use four conductora of equal size. The three- 
phase system used in the Frankfort-Lanffen expi'riment requires 
three conductors of equal size, either acting aa a return to tife 
two others. 

In all distributions for power purposes to a distance hitherto 
carried out, except some mining installations, bare conductors 
carried ou wood posts have been used. In cases like Oyonaa, 
where the line is carried over fields to a small village, such 
a clieap method may be used witihout much objection, even 
when high pressure cuirents are transmitted. In that case, 
however, there is a liability to injury, eBpecially to injurj' from 
froel. and sleet damaging the insulation of the line, and to 
injury from lightning, which must be reckoned with. Malicious 
damage is also possible with aerial transmissions. In important 
aerial transmissions a patrol to detect and remedy defects seems 
necessary, and adds to the working cost. There are ditficultiea 
in using insulated cables for high pressures, besides their cost 
and the liability of the insulation to deteriorate. 

It is fair to point out tliat, when the cheapness of electrical 
transmission is put forward as a I'eason for adopting it in 
preference to other methods of transmitting power, it is always 
aflsnmed that such a rough expedient as overhead conductora 
L wooden posts can be adopted. To a mechanical engineer 
I an'angemeiits do not appear to afford adequate security 
Tnanence for an important power distribution. In pro- 
n as the number of consumers taking power from a common 
■■ becomes greater, the inconvenience, cost, and damage 
' temporary stoppage of the supply of power become 
js. Hence it will probably prove to be necessary, 
' general system of distribution of power by electricity 
Tied out, to place the conductors in subways, where tiiey 
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are protected fix)m injury. Sach a constmctLon, however, will 
necessarily increase the cost of electrical transmission. 

The smallest self-respecting town requiring a water supply 
would not hesitate to build such a concrete conduit as that 
shown in fig. 74. D'Arcy built such a conduit 13 kilometres 
in length for the water supply to Dijon. It is the smallest 
conduit accessible throughojat. An important electrical power 
distribution needs permanent and secure constroction as much 
as a system of water supply. An objection is sometimes made 
to a subway for bare conductors carrying high pressure currents, 

that there would be danger 
to life in traversing the 
conduit. To obviate danger 
as much as possible the con- 
ductors have been placed 
in recesses. Further, by 
movable metal sci*eenB 
put in connection with a 
return or earthed conduc- 
tor any part of the conduit 
could be made absolutely 
safe while repairs were in 
progress. The figure shows 
only a rough sketch of a 
possible arrangement, but 
some permanent protection 
for conductors will have to 
be adopted in important 
electrical distributions. 
Electrical Systems. — The continuous current method of 
electrical working has hitherto been most frequently adopted. 
The alternating current produced in the dynamo is commutated 
into a continuous current for transmission, and commutated back 
into alternating currents in the motor. Direct current dynamos 
and motors are well understood. The motors are satisfactory, 
start with a load on, and have been largely used for tramway 
and other purposes. For transmission to moderate distances 
the direct current method is well adapted. On the other hand, 
it has two essential defects or limitations. The first is that the 
electric pressure of the direct current can only be altered by 




Fig. 74. 
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iDsive running machines termed motor transformers, or 
r and generator combiued. If, for transiaiBaiorL economically, 
a high pressure current is used, it can only be rednced in 
pi-e8Bure, for distribation in places where thR high pressure is 
daiigeronii, by motor transformers. Next, there appears to be a 
limit to the eieotrical pressure which can be obtained in a 
direct current system, due to the complicated construction and 
difficulty of insnlation of the comiuntators. It does not seem 
practically possible to obtain more tJian 2,000 or 2,500 volts' 
in direct current djiiamos. By coupling these in series a higher 
pressure can be obtauied, but this involves new insulation dif- 
ficulties, and probably 10,000 volts is the limit at which a con- 
tinuous current system is likely to be worked. 

Therp are two arrangements of direct current systems. 
Ordinarily the current is transmitted from the generatora at 
constant pressure, and the motors are connett-ed with the mains 
in parallel. Motors can be connected to the mains or discon- 
nected without interference with others, unless the line resist- 
ance is excessive. Working in parallel the pressure in the 
mains is nearly constant, and the loss of energy in the line 
diminishes ns the load diminishes. 

The second system of direct cun'ent working is to transmit 
a constant current, with variable electric pressure, increasing as 
the load increases, the motors being all in series. If rdl the 
motors are disconnected, one dynamo is run at a voltage just 
sufficient to send the full current through the mains. As motors 
are added and the resistance increases, the dynamo is run faster 
and the vultage increased. When one dynamo is working at 
full speed, a second is run on closed circuit till it is delivering 
the requin-d current. It is then connected in series with the 
dynamo already coupled to the mains. If the laid still increases 
the speed of the second dynamo is increased, and when it has 
reached full speed a third dynamo may be added in the Hiinie 
way. With this system the loss of energy in the mains is the 
same at all loads. It is not, therefore, so efficient as the parallel 
system, but it has in other respects advantages. ITio regulation 
of tJie dynamos, so as to maintain a constant current by varying 
their speed, is comparatively easy, and the regulation of tlie 
' rresHima w high as 4,600 volls Imvu lieeii propusod in iliraot (.-urrent 
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motors to constant speed by a centrifugal governor regulating 
the excitation is also easy. For small motors the parallel 
system is more convenient. 

Messrs. Siemens Brothers & Co. proposed a series system of 
this kind for the Niagara distribution in 1890, and Messrs. 
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Caenod Sautter & Co. have since carried out a very important 
power distribution at Genoa in the same way. 

Fig. 75 shows an ordinary constant pressure, continuous 
current distribution with motors in parallel. There is an 
economy in copper, however, if a three-wire system is adopted. 
For a long distance transmission it would appear beBt to have 
the three conductors of equal section, so that any two could be 
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used to transmit current in case of accident to one. Fig. 76 
shows the constant current system of distribution with motors 
in series. 

During the last three years the alternating current method 
of electrical working for power purposes has made considerable- 
progress. In this method the alternating currents produced in 
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pie dviianio are transmittetl without commufatiou. Tlio I'naula- 
difficalty which limits the presBore in direct currcut 
j^naiiios is much less serious. Fiirthi?r, the electric pressurB 
Jl aij Mteniating curreut can he altei-ed to a higher or lower 
i^sore, with great facilily, in inductive traijslbnners having no 
■Dving parts, requiring iio attention and easily insulated for 
Itnofit any pri-saure. This facility of varying the electric 
p lor dilfereiit purpoaea is of enormous importance in a 
^neral system of electric distribution. 

Up to a recent period alternating niot^i-s did not meet all 

Kjuirements. An alternating dynamo generator mil run as a 

botor.ifsupplied with current, synchronously with the generator 

hipplying the current. But it has no stalling torque, and 

ei)uires to be put indept^ndenlly inio motion at the right speed 



I 




Cps 



1»eforo current is supplied to it. Once stort.d in synchronism, 
it will keep step with tlie generator, if of suitable type, even if 
considerably over or under loaded. Hut the necessity of starting 
synchronous motors by an indeiwadent motor is for many pur- 
poses a serious defect. Next, the rotary field motors of Tesla 
and Ferraris were developed. Forthese twoor mon-blteniatlng 
correntH diHi'ring in phase are reijuired. These motors start 
with a loa<], and are now made both of a njtary field non- 
uynchronous or of a synchronous type. Jlore recently still 
tnotoi-s have been constructed, which are self-starting, with an 
ordinary single-phase alternating cuiTent. 

Fig. 77 shows the arrangement of an alternate current two- 
wire, or single-phase, transmission. The principal motor is a 
synch roitising motor. Bnt as this is not self-starting, a Tesla 
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single-phase motor is used as a starting motor. The starting 
motor is first pot into circuit. When this comes up to speed, it 
is used to drive the synchronising motor by a friction clutch. 
When the synchronising motor, is at precisely the right speed, 
which is indicated by a special instrument (termed the synchro- 
niser), the starting motor is disconnected, and the synchronising 
motor put into circuit. The operation can be carried out in two- 
or three minutes. 

The Westinghouse Company in the United States use in 
ordinary cases for transmissions of this kind a pressure of 3,000 
volts and 1 20 alternations per second. The commercial eflBciency 
of generators and motors varies from 88 per cent, in small sizes 
to 92 per cent, in large sizes. That is, a combined generator 
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and motor would have an efficiency of 77 to 81' per cent., ex- 
clusive of loss in transmission. These efficiencies are at full 
load. At quarter load they are about 30 per cent. less. 

Fig. 78 shows the arrangement of an alternate current 
polyphase system. Each generator delivers two currents to 
step-up transformers. These currents may be of low pressure, 
so as to be handled safely. After transmission, at a sub-station, 
the current is lowered in pressure by step-down transformers. 
The motoi-s shown are two-phase Tesla motors which are self- 
starting. But a motor generator is also shown, producing a low 
pressure direct current for working a tramway. Three con- 
ductors could be used to each generator, but it appears to be 
preferable in long distance transmission to use four. Further, it 
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is now certain that alternate current dynamos can be so con- 
structed that they can be worked in parallel, even when driven 
by separate turbines or engines. In that case two or more 
generator may deliver current into the same four conductors ; 
the dynamos once being run to the speed at which they fall into 
step will not break step either with large variations of the 
driving eflForts, or the excitation, of the diflFerent generators. 
With a two-phase system currents for lighting or for working 
single-phase motors may be taken from a pair of conductors. 
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Fig. 79 shows the arrangement of the three-phase alternate 
current system in use at Ileilbronn. The ' Drehstrom ' dynamo 
produces current at 50 volts, which is transformed for trans- 
mission to 5,000 volts. This is transformed down in Heilbronn 
in two stages to 1.500 and 100 volts. In the village of Sontheim 
it is transformed directly to 100 volts. There are three equal 
conductors carrying current in different phases, and all con- 
nected at a common neutral point. 



286 DISTRIBUTION OF POWER 



CHAPTER XIV 

EXAMPLES OF POWER TRANSMISSION BY ELECTRICAL 

METHODS 

In general it will not pay to transmit power by electrical 
methods when the energy has to be generated by steam power. 
The exceptions are when special economies or conveniences 
result from electrical transmission, or where a high price can be 
paid for power, as in the case of traniways and town railways* 
One case where electrical methods have proved to possess some 
convenience is in distributing power to different workshops not 
widely distant from each other. The prime motor generates 
current which actuates secondary motors, conveniently located in 
the workshops, and thus cumbrous mechanical transmission i^ 
avoided. Generally, however, it is where water power is avail- 
able as a source of energy that electric transmission of power 
can be most advantageously applied. The progress accom- 
plished in this direction will be best explained by describing 
some typical cases. 

It will be found that, for some time, direct current methods 
were alone used. But the need of higher electric pressures than 
are possible with the direct current system has compelled 
electrical engineers to study the construction of motors suitable 
for alternate currents. The synchronous motor has been well 
understood for some years, but there are obvious objections to 
the general use of a motor which can only be started by some 
independent motor. The three-phase motor of Brown and 
Dobrowolsky was the first alternate current motor which seemed 
to possess the practical advantages of continuous current motors. 
These advantages, however, are gained at the expense of com- 
plication in the line. ITie two-phase motors of Tesla have now 
been constructed in large sizes, and appear to meet most of the 



ilitioiis of practical upiiUcntion. In sniiill sizes, ut any rate, 
bgle-ptiase, ncm-synclii'oiioiis, alternate current motors have now, 
l»een conatructed, by Brown, Tesla, and others, so that the initial 
difficulty of using alternate currfnta, that tbere were no truat- 
wort.hy mothers suitable for ordinary imrposies, seems likely to' 
disappear. The mullijjhase motors have the advantage over 
direct current motors that they have no commutators or brushes, 
and oi-e simpler in design, while they have in common with 
them the ability to start against a load and to run nnn-synchron- 
ously, which is often an advantage. As to the present position 
of the (inestion of the choice of an electrical system, Mr. A. Sie- 
mens sflid. in hio recent address to the Institution of Electrical 
Engineers, that ' no hnrd and fast rule can be laid down that 
either the direct or alteroatj.' current system should be preferred 
in alt cases, where jjower has to be transmitted to a distance. 
In judging of the merits of the two syslems the jirojier con- 

fieiou can only be arrived at if the connnercial aspect of tJie 
Be is allowed to decide the question.' 
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Tlie Heivtal Small Ai-ms Faelar>j in Behjium.—Jn 180CJ, the 
iBnufactnrers of small arms in Belgium fiu-med a syndicate, 
and, iti order to carry out a large Government order, decided on 
the erection of new workshops of the most modern construction. 
M. hC'on Castermans has given an account ' of the development 
of the plans for t.hesf works, and of the reasons for the adoption 
of electrical transmission. 

The operations to be carried on involved the construction of 
number of diti'erent factories, so arranged as to be capable 
future extension. In these factories it was found nwessary 
ide for 1-J lines of shafting requiring a total of 2U0 h.p. 
allowing for loss in transmission and engine friction, about 
i.h.p. Electric lighting whs next decided on, and for this 
Additional lUO i.li.p. was needed. 

It m)W became a question how these lines of shafting were 
K driven from the eteam engine. The mechanism between 
steam engine and the lines of shafting in the workshois 

« UnitcrielUi dt» Miaef. six. IBSE. There U an nt^count ot the 
J Fuctoiy in tbe Engiiuer. November 26, ltf!>S. 
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may conveniently be termed the intermediate transmission. 
This is required to sub-divide and distribute the motive power, 
and to effect necessary modifications of speed. The whole 
amount of power to be transmitted was not very great, and it 
had to be much sub-divided. If ordinaiy mechanism were used 
there would be a loss of power at each step of the process of 
distribution. The aggregate of these losses is large. It was a 
special inconvenience of a mechanical system of distribution 
that no part of the mechanism of tmnsmission could be dis- 
engaged, except by the use of somewhat cumbrous appliances. 
Hence, practically, the whole transmission would be kept 
running even when part of the workshops were idle. The waste, 
considerable at full load, would be largely increased when only 
part of the machines were at w^ork. 

Two systems of transmission were first studied — shafling and 
gearing, and rope transmission. It was found that, for either 
system, there would be required some 30 tons of pedestals and 
fixed supports and 40 tons of moving mechanism. Practically, 
the whole of the moving pieces would be constantly running, 
whether much or little work was being done. There is a further 
disadvantage of such systems — they do not easily lend them- 
selves to extensions of the works. Either the gearino- must be 
initially of excessive size, or when an extension is necessaiT it 
must be removed and replaced by new gearing. 

These considerations led to an investigation whether electric 
transmission could be adopted, with secondary motors driving 
each line of shafting. 

Finally, it w^as decided to have one dynamo of 500 h.p., with 
its annature directly connected to the crank shaft of a steam 
engine ; to transmit the power electrically, and to have secondary 
electric motors for the lines of shafting and some sjM^cial tools. 

The mechanical efficiency of the engine has been found to be 
01 per cent. The dynamo has an efficiency of 90 per cent., and 
the motors have an average efficiency of 87 per cent, at full load. 
Allowing two per cent, loss in leads, the resultant efficiency is 
004 X 0-87 X 0-90 x 0-98 = 0-72 ; or 72 per cent, of the 
indicated power is delivered to the lines of shafling. 

The electric system has the advantages — (1) simplicity in 
the transmission between the dynamo and secondary motors ; 
{2) saving of waste of work in consequence of the readiness with 



EXAMPLES OF ELECTRIC TRANSMISSION 289 

which any secondary motor can be disconnected; (3) great 
eflSciency of transmission ; (4) facility for future extensions with 
little modification of existing plant. 

The installation has been very successfully carried out. The 
steam engine of 500 h.p. was built by the Soci6t6 Anonyme, 
Van den Kerchove, of Ghent. It runs at 66 revs., and carries 
the armature of the dynamo on its crank shaft. The armature 
serves as a fly-wheel. The field-magnets are shunt wound. 
The dynamo can develop 2,400 amperes at 125 volts. There 
are two commutators, each taking half the current. 

There is no doubt that, in factory driving, the distribution of 
secondary motors economises power. But it is fair to point out 
that the problem of distributing power by secondary motors in 
such cases did not . first arise at Herstal, and can be solved 
with somewhat similar advantages by other methods. It has 
always been a question in large works, how far it is desirable to 
have a single steam engine, or smaller engines driving special 
parts of the works. In dockyards there has long been distribu- 
tion of power to secondary motors by pressure water, or com- 
pressed air. In some works scattered gas engines have replaced 
a single steam engine, and much of the intermediate trans- 
mission is then dispensed with. For a long time at Seraing, 
and recently at some works in America, there has been a 
distribution of power by compressed air to secondary motors 
working special departments or machines. 

TransniixHian for Mining Work in Nevada, — At the Comstock 
mines there existed a Pel ton wheel of 200 h.p., on a fall of 
460 feet. To obtain additional power, the water discharged 
fi-om this wheel is conducted by two iron pipes down the 
vertical shaft and incline of the Chollar Mine, to the Sutro 
Tunnel level. It is there delivered under a head of 1,630 feet to 
six 40-inch Pelton wheels. Each wheel develops 125 h.p. at 
900 revolutions per minute, the jet of water being only f of an 
inch in diameter. Each Pelton wheel is coupled to a Brush 
direct current dynamo. From these generators the current is 
taken to the surface, where it drives motors which work a 60- 
stamp mill. The eflSciency of the electric apparatus is said to 
be 60 per cent., and the Pelton wheels weigh less than 2 lbs. per 
electric h.p. 

Transmission at the Greenside Silver-lead Mines, ratieidale, 

V 
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Weshnoreland, — Water is supplied from a small tarn under 
Helvellyn through 15-inch pipes, and works a 100 h.p. vortex 
turbine under a head of 400 feet. This drives a four-pole com- 
pound direct current dynamo. The current at GOO Volts is 
taken 6 furlongs by bare conductors on poles, and thence into 
the mine by insulated cables. In the mine there is a 9-h.p. 
series motor for winding, a 9-h.p. motor for pumping, and a 
motor transformer giving a current at 250 volts, which works 
motors on a tramway. There is also some lighting by incan- 
descent lamps in series of six. 

The Genoa Installation. — Exceptional circumstances have 
made it possible, at Genoa, to establish an electric supply in con- 
nection with a water supply. Some ten or twelve years ago, 
works for supplying water to Genoa additional to others then 
in operation were constructed. The water is obtained from 
streams on the Piedmont-Liguria frontier and impounded in 
reservoirs on the Gorzente River, an affluent of the Po. The 
reservoirs are 2,050 feet above Genoa, there being a large 
surplus fall not required as head for the water supply. To 
relieve tlie pipes of unnecessary pressure three relieving or 
service reservoirs were constructed, reducing to about 600 
feet the pressure available for the transmission of the water 
to Genoa. The first reservoir is near the outlet of a tunnel by 
which the water is carried through a mountain ridge, and is 
300 feet below the tunnel. At that point 730 gross h.p. 
can be utilised. The second reservoir is 360 feet below the 
fi i-st, and there also 730 gross h.p. can be obtained. The 
third reservoir is 500 feet below the second, and there 1,000 
gross h.p. can be obtained. The water supply scheme has 
not been entirely successful, and the engineer, M. Bruno, and 
the consulting engineer, M. Pr^ve, were led to consider the 
utilisation of the surplus fall to generate electricity to be 
transmitted for lighting and power purposes to Genoa, distant 
about sixteen miles. 

At the three points described electric generating stations, 
named after the Italian electricians Galvani, Volta, and Pac- 
cinotti, are now in operation. 

A first installation of a turbine of 140 h.p. was made in 
1889 at the Galvani Station. This proved successful, and the 
further development of the stations was undertaken. The 
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Galvani Station supplies electricity to fifteen motors distri- 
bated along the valley from Isoverde to Genoa, and to a 
motor of 60 h.p. at the railway station in Genoa. It also 
supplies motor transformers at the Central Electric Lighting 
Station in Genoa. The remainder of the power at this station, 
amounting to 600 h.p., is utilised by means of telodynamic 
transmission. The Volta Station supplies electricity for 
lighting the station of Sempierdarena, by a motor of 60 h.p. 
driving twelve Siemens and two Technomasio dynamos, and 
also supplies electricity for motive power to a number of mills 
and factories, and the repairing shops of the railway. More 
recently the Paccinotti Station has been put in operation, and 
there are now two circuits, one fed from the Volta, the other 
from the Paccinotti Station. Messrs. Cuenod Sautter & Co., 
of Geneva, who installed the electrical plant, have furnished 
the following details. Messrs. Rieter Brothers, of Winterthur, 
constructed the first turbines erected. The remainder have 
been constructed by Messrs. Faesch & Piccard, of Geneva. 

Eledricul System, — The distribution is in series at constant 
current. The generating dynamos maintain a current of con- 
stant intensity in a single circuit which traverses all the motors. 
They supply a constant number of amperes, whatever the number 
of motors at work. The voltage is essentially variable. At cer- 
tain hours all the motors are out of action ; then the dynamos fur- 
nish a current at 450 or 500 volts, corresponding to the loss in 
the circuit. At certain hours both the motors supplying power 
and the motors driving dynamos for lighting are in action ; then 
the voltage reaches 5,000 to 6,000 volts. 

Oalvani Station, — This has a single group of machines, 
consisting of two Thury continuous current dynamos connected 
by Raffard couplings to a Rieter turbine of 140 h.p., having a 
normal speed of 450 revs, per minute. In addition, a jute 
factory absorbs the power of two Rieter turbines of 300 h.p., 
the power being transmitted to it by telodynamic cables. The 
generators have six poles and give at full load 47 amperes at 
1,000 to 1,100 volts. Their speed varies from 20 to 475 revs, 
per minute, according to the demand for power. The dynamos 
are coupled in series and work day and night. 

Voltu Station. — This has been in operation since 1891. 
There are four turbines of 140 h.p. each, and eight dynamos 
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working at 47 amperes and 1,000 volts at full load. These 
generators work at constant speed, and the regulation is effected 
by varying the exciting current. The regulation is effected 
by a single regulator, however many generators are in action. 
The main turbines are Faesch & Piccard turbines, with relay 
governors which maintain a strictly constant speed. 

The regulation of the exciting current involves difficulties, 
because the voltage of the main circuit varies from moment to 
moment, and sometimes quite suddenly, when motors driven by 
the current are thrown out of action. The motors are thrown 
out instantly by short-circuiting them. To meet these conditions 
the exciting djTiamo is driven by a separate 15 h.p. turbine, 
which has as little inertia as possible. The exciting dynamo has 
a very light armature, so that it follows instantly the variations 
of speed of the turbine driving it. The exciting dynamo is 
itself excited by a small machine serving to light the station, and 
the stability of its magnetic field is thus indejH^ndently secured. 
The turbine driving the exciting machine is provided with a re- 
lay governor, but the conical pendulum ordinarily used to secure 
constant speed is replaced by a solenoid, holding in equilibrium 
a soft iron core weighing 33 lbs., which is directly attached to the 
valve of the relay. A leather belt keeps this core and the valve 
in rotation, so as to practically annul any frictional effect. A 
spring and counterweight permit the adjustment of the action 
of the regulator. The solenoid is traversed by the cuiTent in 
the main circuit, which is normally 47 amperes. If the current 
augments, the core of the solenoid rises, puts in action the 
relay, and closes the sluic<?s of the turbine driving the exciter. 
Vice versa, if the current decreases the relay opens the turbine 
sluices. 

Tlce raccinotii Station. — The system at the Volta Station 
has given good results, but at the Paccinotti Station a return 
has been made to a system similar to that at the Galvani 
Station. This station has four groups, each consisting of one 
turbine of 140 h.p. and two dynamos. The turbines have no 
speed governors or fly-wheels. The dynamos are self-exciting, 
witli very light moving parts. The regulation of the current 
is effected thus. The turbine sluices are actuated by Piccard 
relay motors. The slide valves of the four relay motors can 
be separately connected to or disconnected from a shaft running 
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the whole length of the building. This shaft is driven by a 
1 h.p. electric motor, which has on its armature two windings 
in opiX)site directions. Each winding has its own commu- 
tator. The problem is then to act on the motor so that it shall 
revolve in a direction causing a closing of the turbine sluices 
when the current increases, and an opening of them if the 
current diminishes. To obtain this there is an apparatus acting 
as a sensitive ammeter. It consists of a relay acted on by the 
main current, the movable tongue of this relay, controlled by a 
spring, being in equilibrium with the normal current. If the 
intensitv of the main current varies above or below the normal 
the relay tongue is attracted in one direction or the other. 
According to the direction in which the relay tongue moves 
current is sent thi-ough one or other of the armature windings 
of the 1 h.p. motor, and the Piccard relays open or close the 
turbine sluices. As the regulation acts on the four turbines 
simultaneously, a ver}' small movement compensates for large 
variations of current. 

On account of the lightness of the moving parts of the 
turbines and dynamos, the action is in effect very like automatic 
regulation. When the resistance of the circuit is increased by 
the addition of motors the current diminishes, the torque also 
diminishes, and the speed of the turbines increases, thus tendincr 
to bring back the current to its normal value. The revers^e 
effect occurs if the current increases. The motor and relav 
regulators have thus only to correct small variations. 

The Trammittlnrj Aminfjemenis.—T\iQ current is transmitted 
by bare copper wires three-eighths of an inch in diameter 
carried on posts, with porcelain and oil iasulators. Tl ' 
greatest distance of transmission is thirty miles. Kach ' ' \!^ 
a resistance of about oOO volts, so that the line efiicipn^!^!^ i-^? 
load is about 90 per cent. ^<^i^nc^ at full 

The Moi(j^'s,—The motors are all Thurv mofnro « i 
5 to 60 h.p. From 5 to 18 h.p. ZlZll^^'^'l'"^ 
regulation is efTected bv shunting more or les<, «f ♦i,*'"' 
and they are all placed in series. Larger motol ?""'"*' 

and these a.^ regulated by displacing morrortss't/"-^'''^''' 
which the current enters and leaves the motor t." '^u"*' "* 
eflFect of reducing the magnetic field, bv causT^ ' '^ *''" 

convolutions to be travereed in a li^l.. ^ ^'"*' "^ t''e 

mrection reverse to the 



294 DISTRIBUTION OF POWER 

normal. Each motor is governed by a relay, and has a fly- 
wheel. A lever and counterweight is provided to adjust the 
governor. 

The ratio of the effective work at the motors to the effective 
work of the turbines is stated to be 72 per cent. 

Transmission at Biberist, near Soleure, — Messrs. Cuenod 
Sautter & Co. have also carried out a power transmission 
between Ronchatel and Biberist. Turbines of 360 h.p. have 
been erected, and the power is transmitted 28 kilometres to a 
paper mill. The generating station has two Thury continuous 
current dynamos, coupled to the turbines by Raffard couplings, 
and running at 275 revs, per minute. Each dynamo gives a 
current of 3,300 volts, and the two dynamos are coupled in 
series. The current is transmitted by a bare copper wire, \ inch 
in diameter, on simple porcelain insulators. The receiving 
station has two dynamos similar to the generators, making 200 
revs, per minute, and driving directly by Raffard couplings the 
machinery of the mill. An efficiency of 70 per cent, is 
guaranteed. 

ALTERNATING CURRENT SYSTEMS 

T/ie Lavffen^] [ellbronn TraTtsmifislon. — This transmission is 
interesting as an example of the ' Drehstrom ' or three-phase 
method of transmission, and because an effort has been made to 
combine power supply with light supply. The o\\Tiers of the 
Wurtemburg Cement Works at Lauffen, on the Neckar, having 
surplus water power, conceived, in 1889, the idea of utilising it 
to supply electricity to Heilbronn, some six miles distant. They 
accepted plans for using the three-phase current with step-up 
and step-down transformers. The generating dynamo at Lauffen 
gives i,000 amperes at 50 volts. This is transformed to 5,000 
volts for transmission, and then reduced to 1,500 volts in 
Heilbronn for distribution. Part is further reduced by second- 
ary transformers to 100 volts in a network for lighting. The 
charge for current used for lighting is 9d. per kilowatt hour. 
Current used for power purix)ses is charged at M, per kilowatt 
hour, or about i'll. per effective h.p. year of 3,000 working hours. 
In November 1802, there were on the system only 11 motors, 
aggi-egating 32 h.p., and it is believed that the use of electricity 



EXAMPLES OF ELECTRIC TRANSMISSION 295 

for power purposes is not even now very considerable. To 
prevent sudden fluctuation of the lighting circuits due to 
switching in or out of the motors, fluid resistances are arranged 
so that full contact cannot be made in less than 15 to 20 seconds. 
Motors over 3 h.p. are coupled direct to the high pressure mains. 
It is curious that as the energy supplied by the water is costless, 
it has been found economical to use surplus current in times of 
light load for drying the clay used in the Cement Works. 

The New Electrical Scheme at Oeneva. — The hydraulic in- 
stallation at Geneva has already been described. The total 
amount of power available at Geneva will shortly be completely 
utilised. To obtain a further supply of power, a site has been 
found at 6 kilometres below Geneva (8 kilometres by the river) 
where a fall of 16 feet is available in high water, and 27 feet 
in low water, of the Rhone. The total amount of power avail- 
able is 14,000 h.p. It is proposed to utilise the power at this 
site by 15 turbines of 800 h.p. each. The works are already 
in progress. For transmission the electrical method is to be 
used, and there is no doubt that alternating currents will be 
employed. 

Transmission of Power at the Gold King Mine, Telhmih, 
Colo^rado. — This installation is interesting as one of the first 
applications of alternating cun*ents to the transmission of power.* 
A Pelton wheel on a fall of 320 feet drives an alternate current 
generator at 833 revolutions per minute, giving 166 alternations 
per second. The current is carried by bare conductors on posts 
to a ci'ushing mill three miles distant, where it drives a 
synchronizing motor of 100 h.p. at 3,000 volts. The generator 
has a composite field winding. Part of the field magnets are 
excited by direct current from a separate exciter. The rest 
are excited by a current from the armature, proportional to the 
main current, and commutated by the equivalent of a two-part 
commutator. The pressure at the terminals of the generator 
rises as the current increases, so as to compensate for the 
increase of line loss, and to keep the pressure at the motor 
constant. Generally no adjustment is required after the motor 
is started. The motor is similar to the generator, but the field 
current is obtained from a second winding parallel with the 

' See 'Long Distance Transmission for Lighting and Power,* by C. P. Scott, 
Tram. Am. Soc. of Electrical Enginsers^ 1892. 
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main coils on the armature. This current is commutated and 
passes through the field coils. To start, the synchronizing 
motor a Tesla rotating field motor is used. This motor comes 
quickly to its normal speed, and then is used to bring the large 
motor up to speed. Both motors are belted to a countershaft, 
so that at the normal speed of the Tesla motor the synchronous 
motor is running above its normal speed. The large motor 
field magnets are then excited, and it runs as a self-exciting 
generator. The Tesla motor is switched off and the speed of 
the synchronous motor begins to fall off. At the moment when 
it has the same speed and phase relation as the distant generator 
(as shown by lamps), the main current is switched on. The 
small motor is disengaged by a friction clutch, and the load put 
on the synchronous motor by another clutch. Full load may be 
thrown on suddenly. The plant was started in June 1891. 
The aggregate time lost in the first nine months' working, from 
mishaps, was 48 horn's. The plant has worked so well that it is 
to be increased by erecting a 750 h.p. generj>tor and other 
motors. 
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CHAPTER XV 

THE UTILISATION OF NIAGARA FALLS 

Few persons can have seen Niagara Falls without reflecting on 
the enormous energy which is there continuously expended, or 
without some trace of a feeling of regret that a supply of motive 
power of such enormous commercial importance should be 
wasted. To any engineer it must have occurred that the con- 
stancy of volume of flow and small variation of levels, the height 
of the fall, the sjuitability of the rocks for engineering operations, 
the proximity of railways and access by water to the great lakes, 
all marked out Niagara as an ideally perfect site for a manu- 
facturing centre with factories worked by water power. 

A vast system of inland lakes extends halfway across the 
continent of North America, on the boundary between Canada 
and the United States. The lakes form storage reservoirs for 
the rainfall on an area of 240,000 sq. miles, and they discharge 
at an almost uniform rate the collected drainage through the St. 
Lawrence to the Atlantic Ocean. Between Lakes Erie and 
Ontario, the last of the chain, the water flows through i)iQ 
Niagara River, which falls 326 feet in a distance of 36 miles. 
The average discharge through this short river has been 
estimated at 275,000 to 300,000 cubic feet per second. Such 
a volume of flow on such a fall would yield, if it could all be 
utilised, seven million horses power. 

The Earlier Works for UtiUslnfj Niagara, — From a very early 
time water mills were built in the rapids above the falls. 
These older mills, which greatly disfigured the appearance of the 
falls, have now been cleared away. In 1853, a more important 
scheme was started, and by 1861 the so-called hydraulic canal 
had been constructed. This canal, originally 35 feet wide and 
8 feet deep, receives water from the upper river at Port Day, 
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nearly a mile above the falls. It conveys the water to a line of 
mills ranged along the bluff above the lower river. Tm'bines 
in these mills discharge their tail-water on the face of the cliff 
below the suspension bridge. By means of this old canal about 
6,000 h.p. has been utilised, during the last quarter of a century. 
The mills have been prosperous, and have been an important 
factor in the industrial life of the district. Thoy employ more 
than a thousand operatives, tiO whom 70,000Z. a year is paid in 
wages. Recently, stimulated by the progress of another much 
larger scheme, the old hydraulic canal has been enlarged, and is 
now capable, it is said, of supplying turbines of 30,000 h.p. 

The Origin of the New Scheme. — About eight or ten years 
ago, the governments of the Province of Ontario and the State 
of New York began to be ashamed of the disfigurement of the 
falls, partly by mills and still more by ugly buildings erected by 
enterprising tmdesmen. To restore and preserve the natural 
beauty of the falls, land was purchased and formed into State 
Reservations, within wliich objectionable buildings and other 
disfigurements were removed. Then arose a feeling that no 
more power could be obtained in the old way by mills along the 
bluff. The idea of a better method of utilising the falls is due 
to Mr. Thomas Evershed. He proposed to construct canals on 
unoccupied land a mile and a half above the fjills. From these 
canals the water was to be supplied to turbines in vertical pits. 
The tail-water from the wheel pits was to be collected by under- 
ground tunnels into a great main tail-race tunnel, passing under 
the town of Niagara Falls and discharging into the lower river. 

In 188G, the Niagara Falls Power Com])any was fonned to 
carry out Mr. Evershed's plans, and a charter was obtained from 
the State of New York, giving full rights to construct the 
works necessary to utilise 200,000 h.p. and to convey the power 
through any civil division of the State. A tract of 1,500 acres 
of land was acquired, about 1 J miles above the falls. A subordi- 
nate company, the Cataract Construction Company, was con- 
stituted to carry out the necessary engineering works, and under 
its direction a great tail-race tunnel, 7,000 feet in length and 
capable of discharging the tail-water of turbines of 1 00,000 h.p., 
was commenced and has since been completed. The company 
have the necessary powers to construct a second tunnel whenever 
it is required. 
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Wlien Mr. EversUed"s pUn came to be considered in detail, 
t appeared that tlie removal of the mill sites up-stream and the 
""icharge of the tail-water underground soked only part of the 
poblem. Mr. Evershed contemplated only the supply of water 

the mills and its removal afterwards, as in some other 
' American waler-power works. The mill-owners were to sink 
wheel-pits and erect the turbines. In part Ibis plan is actnally 
being can-ied out, but it is only suitable fur lactones requiring 
largi' amounts of power. The growth of an industrial city 
supplied with power in this way would necessarily be slow, and 
the capital sunk in the construction of the great tunnel and 
other works would for years yield no adequate return. The net- 
work of surface canals would be expensive and the network of 
underground tunnels still more costly. 

Obviously, it would economise the expenditure to develop a 
great part of the energy in power stations, by turbines of large 
size, aggregated in one place and placed under common manage- 
ment. It would facilitate the sale of the power, if maunfacturerB 
■could have it delivered to them in nny quantity required without 
trouble or expense on their part. More imiwrtant still, if once 
power distribution instead of water distribution was accomplished, 
there would be markets for the power in towns at a considerable 
■distjince from Niagara. With so large an amount of power 
Available, it was of enormous importance to obtain access to 
markets where motive power could be disposed of. The more 
the problem of power transmission has been studied, the more 
probable it has become that a great part of the power dei-eloped 
.at Niagara will be used in towns at a considerable distance. 
Provisional arrangements have already been made, with a view 
■of distributing power from Niagara in Albany, ItocbcBter, 
Syracuse, and Schenectady, and for working the navigation of 
the Erie Canal, provided present expectations as to the com- 
mercial possibility of transmission to great distances are proved 
to l>e well founded. 

'Ilie hUen'-itiowU Nia^fara Commwwn.~lo 1890, Mr. E. D. 
Adams, the President of the Cataract Construction Company, and 
Dr. Coleman Sellers vLsited Europe. It was during this visit, 
and chiefly as a result of examiniug the works for distributing 
power in Switzerland, that the impoi-tance of the problem of 
distributing power instead of water was first clearly realised. It 
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was resolved to invite selected engineering firms to send in com- 
pletely worked out projects for the development and the trans- 
mission of power at Niagara, with estimates of cost. To seccre 
a perfectly unbiassed consideration of these projects, a commission 
was formed consisting of Lord Kelvin, Professor E. ilascart of 
Paris, Colonel Turrettini of Geneva, and Dr. Coleman Sellers of 
Philadel])liia. A sum of 4,500/. was placed in the hands of the 
Commission, to be awarded, partly in premiums to all competitors 
who s»?nt in projects complying with the conditions, partly in 
prizes to those projects judged to be meritorious. IMans and 
instru(?tions were prepared for the information of competitors. 
In the event of any project being adopted, the conditions of pay- 
ment were specified, both in the event of the machinery beinir 
constructed abroad and in the event of its being constructed in 
America under the superintendence of the competitor. A num- 
ber of projects were received, some for the utilisation of the wat«*r 
only, some for the transmission and distribution of the powor, 
and some both for the hvdraulic and transmit t in gf machinerv. 
The moni important and fully considered projects were foui*ttM-n 
in number ; and amongst these, in one distribution by wire ro]H*:4 
was proposed, in two distribution by compressed air. and in one 
distribution by pressure water. In all the other important ])ro- 
jects electrical distribution was assumed ; ^lessra. Cuenod Sautter 
& Co., Messrs. Yigreux and Levy, and ^lessrs. Hillairet and 
Bouvier proposed continuous current working at constant pr«'b- 
sure ; ^Messrs. Siemens proposed continuous current series work- 
ing at constant current and varying potential ; Messrs. Ganz and 
Professor G. Forbes proposed alternate current working. The 
electrical i)lans of ilessrs. Ganz and Messrs. Siemens were not 
worked out as detailed projects. The Oerlikon Company were 
to have sent in plans for alternate current distribution, to accom- 
pany the hydraulic plans of Messrs. EscherWyss& Cck, of Ziirich; 
but they were not ready, and withdrew at the last moment. 

Touching as briefly as possible on matters now chiefly of 
historical interest, it may be stated that many of the competitors 
appeared before the Commission and explained and discusseil 
tht^ir plans. It was assumed at that time that the greater part 
of the power would be distributed within two miles of the tur- 
liines, but that 25,000 or 50,000 h.p. might probably be sent to 
Buffalo, eighteen miles distant. This should be remembered in 
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consideiing the conclusions of the Cominission. The project of 
Professor Riedler showed that it was probable that power could 
be transmitted to Buffalo by compressed air, at a cost less than 
that of steam power produced in Buffalo. But the Commission 
decided in favour of transmission by continuous current electri- 
cal methods. They were of opinion that no one of the projects 
submitted could be carried out without modification. Amongst 
questions arising out of the ))lans submitted they decided in 
favour of placing the electric machinery above ground, and not 
in underground rock chambers. They also suggested that to 
secure safety and freedom from accident, the electric conductors 
should be placed in covered subways. 

The project at Niagara involves special difiiculty in two ways. 
The works are of unprecedented magnitude, not only in the 
aggregate, but in detail and in the size of individual units. 
Also the commercial condition is an absolutely governing one. 
Steam power is cheap in the district, and unless the water power 
can be distributed at a price less than that of steam power, the 
market for it would be very restricted. The fall is so advantageous 
that the cost of power at the turbine shaft will be extremely 
low. But if heavy charges are added to this due to the expendi- 
ture on distributing machinery, its development will be use- 
less, ^lany plans which have been proposed are impracticable, not 
because they would fail to work mechanically and electrically, but 
because they are too costly. 

The ScJt^yyie twiv being carried out on the United States side, — 
The works now being carried out, and in part completed, com- 
prise — 

(1) The construction of a head-race canal 200 feet wide, 
1,500 feet long, and 17 feet deep. ITiis is completed. 

(2) The construction of the great tunnel tail-race G,700 feet 
long, 21 feet high, 18 feet 10 inches wide, with a slope of from 
4 to 7 feet per thousand. The net section of the tunnel is 386 
square feet, and it will discharge the tail-water of turbines de- 
veloping 100,000 h.p. The velocity of the water in the tunnel 
when in full operation will be 18 to 25 feet per second. 'J'lie 
floor of the tunnel, at the point of discharge, is 205 feet below the 
cill of the entrance sluices at the upper river, giving an effective 
fall of 140 feet at the turbines. It was hoped that the rock was 
so strong that lining would be unnecessary. This proved not to 
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be the case, and the tunnel is lined with four rings of brick io 
cement. For 200 feet back from the discharge portal it is lined 
with steel plates backed with concrete. Taking the discharge 
at 10,000 cubic feet per second, it amounts to about 3^ per 
cent, of the flow of the Niagara River. 

(3) Works for the distribution of water to large consumers 
who erect their own machinery, with lateral tunnels to discharge 
the water into the tail-race tunnel, have been commenced. The 
first enterprise which took advantage of this arrangement was 
the Niagara Falls Paper Company (fig. 80). This company con- 
tracted to take 3,300 h.p. at once, with a right to take as much 
more subsequently. The mill has been built, and is said to 
be the largest paper mill in the world. The wheel-pit has been 
sunk 167 feet deep, and 28 feet by 43 feet in section. A verti- 
cal supply pipe, 13^ feet in diameter, conveys water to three 
Geyelin, inverted Jonval turbines of 1,100 h.p. each. The tail- 
water flows away, l)y a tunnel 7 feet diameter and 687 feet long, 
to the main tunnel. Tlie power of the turbines is transmitted 
to the ground level by 10-inch vertical shafts; these drive the 
mill shafting by bevil wheels, which have 20 inches width of face 
and 6 inches pitch. The upward pressure of the water on the 
turbine wheels balances the weight of the vertical shafts. The 
shafts run at 260 revolutions per minute. The three turbines 
were recently started with success, and the mill is now in 
operation. 

The Paper Company get their land and water power 
(exclusive of the cost of the machinery) at ,^8, or about 35.^. per 
h.p. per annum, having the right to use the power 2 1 hours per day. 
The Pittsburgh Reduction Company, who control patents for 
the production of aluminium electrically, have acquired a site 
for works and the right to use 6,000 h.p. Other undertakings 
also are negotiating for sites and water supply under similar 
conditions. These works are carried out on the plan originally 
intended by Mr. Evershed. 

(4) A large""power station has been commenced, from w^hich 
energy will be transmitted electrically both to consumers at 
Niagara and to Bufl'alo, and perhaps to towns more distant. 
The power house, shown in fig. 80, is placed alongside the head 
race canal, and is designed to contain 10 turbines of 5,000 h.p. 
each. Three of these have already been constructed. A wheel- 
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pitorslot hnsbeen suiik, which at present is 110 feet in length, 
^1 feet in width, and 17y feet in depth, having room for four 
turbines. It will Ije extended in length as required. Over 
this the first section of fbe power bouse has been erected, and 
it contains a 50-ton electric travelling crane, commanding the 
whole floor, which is beinjf used in erecting the machinery. 

The 5,000 h.y. TiirOiiiex. — Soon after the meeting of the 
Commission it was decided that tlie first turbines for the power 
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station shouhl be of 5,000 h.p., rnnning at :!50 revolations per 
minute, to suit the requirements of the electrical engineers. It 
was decided to place the turbines at the bottom of an open slot 
or wheel-pit, 175 feet in depth, and transmit the power to the 
dynamos at the ground level by vertical shafts. Designs by 
Messrs, Faesch & Piccard, who conjointly with ilcssrs. Cuenod 
Sautter & Co. sent in the combined project which received tlie 
highest award of the Commission, were selected. The first three 
turbines have been constructed by Messrs, .1, I', ilorris & Co,, of 
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Philatlelpbin, under 
the superintendence of 
!Me.s9i-3, Faeacli & Pic- 
card, and tliey are now 
being erected. 

Hasty critics liave 
assumed that, whatever 
difticalty tliei-e may 1>* 
about the transmission 
of the power, the hy- 
draulic part of the pro- 
blein in of a very ordi- 
nary character. That 
is not sfj, and the way 
in whicli the e.sseiitial 
conditions )iarc been 
met, without sacrific 
of t'fficiency and bv 
armngements of verv 
f,'reat sim])licity, i-e- 
tlects gre-at crwlib on 
the mechanica] skill 
and judgment uf 
Messrs. Faei-ch & I'ie- 
card. Tlie water de- 
scends the wheel-pii 
to each tnrbine.fig. til, 
in a supply piite 7 fi. 
Gins. in diameter. Tin' 
supply pi|)e bends at 
right angles at tln- 
Ixittoni and delivers 
the water between a 
pair of twin outward 
flow turbiuea. The hy- 
draulic ]jressuro on the 
top cover of the wheel 
chamber, amounting 
to 60 or 70 tons, is 
used to su]))iort the 
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weight of the vertical shafb and the revolving field magnets of the 
dynamos, while the pressure on the bottom of the wheel chamber 
is supported by the foundations. No mechanical arrangement 
of footstep which could have been designed would have sup- 
ported so great a weight, on a shaft running at 250 revolutions. 
One considerable diflSculty of the mechanical problem is thus 
met by means involving absolutely no expense, and perfectly 
permanent in action. The adjustment of the exact amount of 
unbalanced upward force can be left to be decided at the last 
moment. Collar bearings on the shaft support the small 
difierence of load and upward thrust which may unavoidably 
arise. 

The turbine wheels are of bronze, 6 ft. 2 ins. in diameter, 
and by adopting twin turbines the whole arrangement is made 
compact, and the double condition of supplying the necessary 
power at the required speed has been met, without sacrifice of the 
hydraulic requirements on which the efficiency of the turbines 
depends. Efficiency at * part gate ' is not important at Niagara, 
and two ring sluices, on the outside of the turbine wheels, have 
been adopted for regulating the power. The pressures on these 
being balanced, they are without difficulty put under the control 
of a relay speed governor, notwithstanding their great size. To 
give the governor time to act on the sluices, a fly-wheel of con- 
siderable power is necessary. This fly-wheel has been obtained 
by making the field magnets of the dynamos the revolving part, 
the comparatively light armature being stationary. The speed 
regulation of turbines driving dynamos is of the greatest im- 
portance, especially as alternating dynamos in parallel are to be 
adopted. Experience has shown that the speed regulation of 
turbines of large size by governors presents a mechanical 
problem of considerable difficulty. The speed governor is a 
relay governor of a type used by Messrs. Faesch & Piccard in 
other installations on a smaller scale. They have so much 
confidence in its action that they have given a guarantee that 
when a quarter of the load, that is 1,250 h.p., is suddenly thrown 
ofi*, the speed variation will not exceed 2 per cent. 

The relay is a mechanical relay. A shaft geared to the 
turbine sluices carries two pulleys, ordinarily running loose and 
driven by an open and crossed belt. Either pulley can *be 
geared instantly to the sluice shaft by a friction brake, which 

X 
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holds on© of a train of three bevil wheels. The brakes are put 
in action by a sensitive pendulum governor, acting on ratchet 
gear. The governor merely puts the ratchet click in gear. 
Hand regulation is provided. 

The Electrical Installation^ — At the time of the meeting of 
the Niagara Commission, the continuous current method of 
working was the only one which had been practically used in 
any large distribution of motive power. The gradual growth, 
subsequently, of a conviction that distant transmission was of 
the greatest importance at Niagara led to a decision, in 1893, to 
adopt an alternating current system. For the Niagara work, 
continuous current methods involved too great a limitation of 
the electrical pressure for economical distant transmission. The 
alternate current method has one special advantage, in the 
possibility of varying the electrical pressure by statical trans- 
formers. Initially, the adoption of an alternate current method 
was open to the objections that it involves greater stress on the 
insulation, and that motors for alternate currents were not 
altogether satisfactory for general use, and were almost untried. 
Progress in the construction of such motors has been made in 
the last year or twd, and the objection now has less force. Some 
doubt also existed at first as to the satisfactory working of 
alternate current generators in parallel. It would be extremely 
inconvenient if the generators could not be used in groups 
according to the demand for current. Later experience shows 
that alternate current generators can be constructed to work 
synchronously, in parallel, in a perfectly satisfactory way. The 
success of the three-phase motor at Frankfort, and of the two- 
phase motors of Tesla in America, has led to the selection of a 
two-phase system of working. Such a system with two in- 
dependent circuits is equally available for working two-pliase 
and one-phase motors, and for the distribution of part of the 
current at any point for ordinary alternate current lighting. 
There remain certain applications, such as tramway working, 
where continuous currents are most suitable. It appears 
probable that methods will be perfected for commutating 
alternate currents after their transmission and transformation to 

•* See, for much fuller details, the paper by Professor G. Forbes, * Electrical 
Transmission of Power from Niagara Falls/ Journal Inst, of Electrical 
Engineers, vol. xzii. 
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low tension. In any case, motor transformers can be used to 
obtain continuous currents when necessary. 

Acting on the advice of their electrical adviser, Professor G. 
Forbes, a departure is to be made from previous practice in the 
electrical system by reducing the frequency of the alternations.* 
Hitherto, alternating currents have been used almost exclusively 
for lighting, and high frequency (100 to 133 periods) has been 
commonly adopted, partly to avoid flicker in the lamps, partly 
because it reduces the cost of transformers. Messrs. Ganz have 
for some time adopted 42 periods per second. Professor Forbes 
proposed to use 16f periods per second; but, after negotiation 
with the constructors of the dynamos, a frequency of 25 periods 
has been selected. Professor Forbes believes that low frequency 
will make parallel working of the dynamos more easy, and 
improve the eflBciency and facilitate the construction of motors. 
It will reduce the loss due to the unequal distribution of the 
current in the section of the transmitting conductors, a matter 
of importance with the large conductors required at Niagara. 

Professor Forbes is prepared to construct dynamos to work 
up to 20,000 volts, in which case step-up transformers would be 
unnecessary for the transmission to Buffalo. But, proceeding 
more cautiously, it has been decided that the three first 5,000 h.p. 
dvnamos, now being constructed by the Westinghouse Company, 
shall work at 2,000 volts, and deliver a two-phase current. For 
the district at Niagara, electricity will be distributed at 2,000 
volts ; for transmission to Buffalo it will be transformed to 
10,000 volts. 

A subway large enough to walk through has been con- 
structed for a third of a mile through the land of the Company. 
Beyond that the transmission to Buffalo will be by bare copper 
conductors on insulators carried on posts. 

The Scheme on the Canadian side. — ^The idea of utilising 
power on the Canadian side was first discussed some years ago. 
Plans were prepared in which Pelton water-wheels driving 
dynamos were to be placed in rock chambers underneath the 
river, just above the Horseshoe Fall, and the tail-water discharged 
by tunnels, directly on the face of the escarpment forming that 
fall. Various vague statements were made as to transmitting 

* Mr. Tesia is also an advocate of low frequency for motor work. Bee 
Inventions, Fetearohes, and Writifigs of Nikola Teda ; New York« 1894 ; p. 8. 
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the electricity to Toronto and Montreal at enormous electric 
pressures. 

Recently, by charter from the Canadian Government, rights 
have been acquired to develop 250,000 h.p. on the Canadian 
side, by a company acting in association with the company 
developing power on the other side. The Cataract Construction 
Company undertakes the engineering work, and is under con- 
tract to complete a considerable power development within three 
years. The power station will be within the Victoria Park 
Reservation, and as at present planned will be similar to the 
power station on the other side. The conditions for developing 
the power on the Canadian side are more favourable than on the 
American side. Deep water in the river comes close to the 
shore, and the head-race and tail-race tunnels will be much 
shorter. Two tunnels are contemplated, each large enough for 
125,000 h.p., and the first of these does not need to be more 
than 400 feet in length. 



[Note. — Since this chapter was in type a paper on the cost of power at 
Niagara, by Messrs. E. J. Houston and A. E. Kennelly, has been received. 
Allowing 10 per cent, interest and depreciation on the hydraulic works and 
turbines, they estimate the cost of power at Niagara at 7#. per effective h.p. 
per annum, if working constantly at full load ; or 12#. per h.p. per annum if the 
average load is 60 per cent, of the maximum. Then, assuming a three-phase 
transmission at a maximum pressure of 50,000 volts, and allowing interest on 
dynamos, transformers, motors, and line, and also for loss in transmission, 
they calculate the cost of the power delivered at various places. In all cases 
the average load is taken at 60 per cent, of the maximum. At Buffalo, 15 
miles distant, they estimate the power delivered will cost 21, 13*. per h.p. per 
annum. At Albany, 330 miles distant, they estimate the cost at 5^. 10*. per 
h.p. per annum.] 
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The Elements of Mechanism. With 342 Woodcuts. Crown 8vo. 



6«. 

A Manual of Mechanics : an Elementary Text-bo(»k for Students 

of Applied Mechanics. With 138 Illuijti'ations and Dia^^rams, and 188 
Examples taken from the Science Depailment Examination Papers, 
with Answers. Fcp. 8vo. 2a. 6d. 

ORIEVE— Lessons in Elementary Mechanics. By W. H. Grieve, 
P.S.A., late Engineer R.N., Science Demonstrator for the London 
School Boaril, k(\ Stage 1. With 165 Illustrations and a large number 
of Examples. Fcp. 8vo. la. 6d, Stage 2. With 122 lUustrationA. 
Fcp. 8vo. U. ed. Stage 3. With l(i3 Illusti-ations. Fcp. 8vo. U. 6ci 

MAGNUS— iiCssons in Elementary Mechanics. Introductory to the 
Stinly of l*liy.siciil Scieuce. Dt'signed for the Use of Schools, and of 
CandidaLes fur the Lon<lon Matriculation aud other Examinations. 
With uumeiDUs Exeirisef«, Examples, and Examination Questions. 
AVith AuHwers, and 131 Woodcuts. By Sir Phtlip Magnus, B.Sc, 
B.A. Fcp. Bvo. 3«. 6d. Key for the use of Teachers only, price 
5«. 3jrf. net, post free, from the imhlish^rs only, 

TAYLOR— Works by J. E. Taylor, M.A., B.Sc, Central Schools, Sheffield, 

Theoretical Mechanics, including Hydrostatics and Pneumatics. 

With 175 Diagrams and IllustmtiouSf and 522 Examiuation Questions 
and Answei-s. Crown 8vo. 2<. 6rf. 

Theoretical Mechanics: Solids. With 163 Illustrations, ISO 

Workc<l Examples, and over 500 Examples from Examination Papeiv, 
&c Crown 8vo. 2k. 6rf. 

Theoretical Mechanics : Fluids. With 122 Illustrations, numer- 
ous Worked Examples, and about 500 Examples from Examination 
Papers, &c. Crown 8vo. 2«. 6rf. 

THORNTON— Theoretical Mechanics : Solids. Including Kinematics, 
Statics, aud Kinetics. By Arthur Thornton, M.A., F.R.A.S., late 
Scholarof Christ's College, Cambridge ; Senior Science Master, Bradford 
Grammar School. With 220 Illustrations, 130 Worked Elxamples, aud 
over 900 Examples from Examination Papers, &c. Crown 8vo. 4iL 6dL 
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TWISDEN— Works by the Rev. John F. Twibden, M.A. 

Practical Mechanics ; an Elementary Introduction to their Study. 

With 855 Exercises and 184 Figures and Diagrams. Crown 8vo. 

Theoretical Mechanics. With 172 Examples, numerous Ex- 



erciHes, and 154 Diagrams. Crown 8vo. 8«. 6d 

WARREN— An Elementary Treatise on Mechanics; for the use of 

Schools and Students in Universities. By the Rev. Isaac Wabhen. 
Part I. Statics. Crown 8vo. 3«. 6d. 
Part II. Dynamics. Crown 8vo. 3«. 6rf. 



DYNAMICS, STATICS, AND HYDROSTATICS. 

BURTON — An Introdnction to Dynamics, including Kinematics, 
Kinetics, and Statics. With numerous Examples. By Charles V. 
Burton, D.Sc. Crown 8vo. 4*. 

GELDARD—Statics and Dynamics By C. Geldard, M.A., formerly 
Scholar of Trinity College, Cambridj^e, Mathematical Lecturer under 
the Non-Collegiate Students* Board, Cambridge. Crown 8vo. 5«. 

GROSS— Elementary Dynamics (Kinematics and Kinetics). By E. J. 
Gross, M.A., Fellow of Gonville and Caius College, Cambridge. 
Crown 8vo. 5«. 6(i 

MAGNUS— Hydrostatics and Pnenmatics. By Sir Philip Maqnus 
B.Sc. Fcp. 8vo. I«. 6(f., or, witli Answers, ig, 

%♦ The Worked Solutions of the Problems. 2«. 

ROBINSON- Elements of Dynamics (Kinetics and Statics). With 
numerous Exercises. A Text-Book for Junior Students. By Uie 
Hev. J. L. Robinson, B.A., Chaplain and Naval Instructor at the 
Royal Naval College, Greenwich. Crown 8vo. 6«. 

SMITH — Works by J. Hahblin Sicith, M.A., of Gonville and Caius 
College, Cambridge. 



Elementary Statics. Crown 8vo. 3«. 

Elementary Hydrostatics. Crown 8vo, 3«. 

Key to Statics and Hydrostatics. Crown 8vo, 6f. 



WILLIAMSON— Introdnction to the Mathematical Theory of the 

Stress and Strain of Elastic Solids. By Benjamin Williamson, 
D.Sc, D.C.L., F.R.S., Fellow and Senior Tutor of Trinity College, 
Dublin. Crown 8yo. Si. 
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WILLIAMSON and TABLETON— An Elementary Treatl§e on Dyna- 
mics. Containing Applications to Thermodynamics, with numerous 
Examples. By Benjamin Williamson, D.Sc., F.R.S., and FRANCia 
A. Tarlbton, LL.D. Crown 8vo. lOs, 6d. 

WOBKELL— The Principles of Dynamics : an Elementary Text-Book 
for Science Students. By R Wormell, D.Sc., M.A. Crown 8vo. 6s. 

WOBTHINGTON— Dynamics of Botation : an Elementary Introduction 
to Rigid Dynamics. By A. M. Worthinqton, M.A., F.R.S., Head 
Master and Professor of Physics at the Royal Naval Engineering 
College, Devon port. Cro\\Ti 8vo. Zs, 6d, 



SOUND, LIGHT, HEAT & THERMODYNAMICS. 

ALEXANDER— Treatise ou Thermodynamics. By Peter Alexander^ 
M.A., Lecturer on Matlieniatics, Queen Margaret College, Glasgow. 
Crown 8vo. 6«. 

GUMMING— Heat. For the use of Schools and Students. By Linnjcua 
CuMMiNO, M. A., late Scholar of Trinity College, Cambridge ; Assistant 
Master at Rugby School. With numerous Illustrations. Crown 8vo. 
48. 6d. 

DAY— Numerical Examples in Heat. By R. E. Dat, M.A. Fcp. 8vo. 
38. 6d. 

HELMHOLTZ— On the Sensations of Tone as a Physiological Basin 

for the Theory of Music. By Hermann von Helmholtz. Royal 
8vo. 288. 

MAD AN— An Elementary Text-Booli on Heat. For the use of Schools. 
By H. G. Madan, M.A., F.C.S.. Fellow of Queen's College, Oxford ; 
late Assistant Master at Eton College. Crown 8vo. 9«. 

MAXWELL— Theory of Heat. By J. Clkrk Maxwell, KA., F.R.SS., 
L. & E. With Corrections and Additions by Lord Rayleiuh. With 
38 Illustrations. Fcp. 8vo. 4s. 6d. 

SMITH (J. HamhUn)-The Study of Heat. By J. Hamblin Smitb, 
M.A., of Oonville and Caius College, Cambridge. Cr. 8vo. 3^ 

TYNDALL— Works by John Tyndall, D.C.L., F.R.S. Sec page 12. 

WORMELL— A Class-Booli of Thermodynamics. By Richard Wor- 
MELL, B.Sc., M.A. Fcp. 8vo. U. 6d. 

WRIGHT— Works by Mark R. Wright (Hon. Inter., B.Sc, London). 

Sound, Light, and Heat. With 160 Diagrams and lllustrationn. 

Crown 8vo. 2«. 6d. 

Advanced Heat. With 136 Diagrams and numerous Examples 



and Examination Papers. Crown 8vo. 4«. 6d. 
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STEAM AND THE STEAM ENGINE, &c. 

BALE— A Handbook for Ste«M Users ; bein^ Notes on Steam Engine 
and Boiler Mana^iuent and Steam Boiler Elxploeiona. Bv M. Powis 
Balk, M.I.M.E.. A.M.I.C.E. Fcp. 8vo. 2*. 6d 

BOURJTE— Works by John Boubne, C.E. 

A CateehisM of the Steam Eogrine, in its Various A]i])lications 



in the Arts, to which is added a chapter on Air and Gas Engines, and 
another devoted to Useful Rules, Tables, and Memoranda. Illustrated 
bv 212 Woodcuts. Crown 8vo. 7<. 6rf, 

Recent ImproTemenls In the Steam Engine. With 124 Wood- 

cnta. Fcp. 8vu. 6s. 

CLERK— The Oas Engine. By Dugald Clerk. With 101 Woodcuts. 
Crown 8vo. 7«. 6rf. 

HOLMES— The Steam Engine. By George C. V. Holmes (Whitworth 
ScholarX Secretary of the Institution of Naval Architects, With 212 
Woodcuts. Fcp. 8vo. 6«. 

RANSOM— Steam and tias Engine Goremors. By H. B. IIansom. 

[In preparation, 

RIPPER— Works by Wiluam Ripper, Memlwr of the Institution of 
Mechanical En^ineei-s ; Professor of Mechanical Engineering in the 
Sheffield Technical School. 



Steam. With 142 Illustrations. Crown 8vo. 2«. Qd, 

Steam and the Steam Engine. An Advanced Course. 

[In prvparation, 

8ENNETT— The Marine Steam Engine. A Ti'catise for the Use of 

Engineering Students and Officers of the Koyal Navy. By Richard 
Sbnnbtt, R.X., Ent;ineer-in-Chief of the Royal Navy. With 261 
Illustrations. 8vo. 21«. 

STROMETER— Marine Boiler Managrement and Construction. Being 
a Treatise on Boiler Troubles and Repairs, Currosion, Fuels, and llt-at, 
on the properties of Iron and Steel, on Boiler Mechnuios, Wmksliop 
Practices, and Boiler Design. By C. E. Stromeyer, Graduate of the 
Roval Technical College at Aix-la-Cliapelle, Menilxir of the Institute 
of Naval Architects, etc. With 452 Illustrations. 8vo. 18<. net. 
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ARCHITECTURE. 

GWILT — An Encyclopsddia of Architecture. By Joseph Qwilt, F.S.A. 
Illustrated with more than 1100 fingmvin^s on Wood. Revised (1888), 
with Alterations and Considerable Additions, by Wyatt Pafwobth. 
8vo. 52«. 6(2. 

MITCHELL — The Steppinsr-Stone to Architecture : explaining in 
simple language the Principles and Progress of Ai-chitecture from the 
earliest times. By Thomas Mitchkll. With 22 Plates and 49 
Woodcuts. IBmo. 1«. sewed. 



BUILDING CONSTRUCTION. 

Adranced Building Construction. By the Author of ' Rivington's Notes 
on Building Construction'. With 385 Illustrations. Crown 8vo. 
48. U, 

BUBRELL— Buildin^^ Construction. By Edward J. Burrbll, Second 
Master of the People's Pahice Technical School, London. With 303 
Working Drawings. Crown 8vo. 2«. 6(/. 

SEDDOX- Builder's Work and the Buildingr Trade. By Colonel H. 
C. Seudon, R.K, SuiHiiintending Engineer H.M.'s Docltyai-d, Poits- 
mouth ; Examiner in Building Construction, Science and Art Depart- 
ment, South Kensington. With numerous Illustrations. Medium 
8vo. 16«. 



RIVINGTON'S COURSE OF BUILDING CONSTRUCTION. 

Notes on Building Construction. Arranged to meet the requirements of 
the Syllabus of the Science and Art Department of the Committee of 
Council on Education, South Kensington. Medium 8vo. 

Part I. First Stage, or Elementary Course. With 552 Woodcuts. 10«. 6rf. 

Part II. Commencement of Second Stage, or Advanced Course. With 
479 Woodcuts. 10«. 6rf. 

Part III. Materials. Advanced Course, and Course for Honoui*?. With 
188 Woodcuts, 21«. 

Part IV. Calculations for Building Structures. Course for Honours, 
With 697 Woodcuts. 15«. 
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ELECTRICITY AND MAGNETISM. 

CUMMING— Electricity treated Experimentallj. For the use of Schools 
and Students. By Linn^cb CfciiMiNO, M.A., Assistant Master in 
Rugby School. With 242 Illustrations. Crown 8vo. 4«. 6d. 

DAT— Exercises in Electrical and Magnetic Measurements, with 
Answers. Bv R. E. Day. 12ino. 3*. 6rf. 

DE TUNZELMANN— A Treatise on Electricity and Masrnetism. By 

G. W. DE TuNZELMANN, B.Sc, M.I.E.E. [In Preparation, 

OOBE — The Art of Electro-Metalliirgryj including all known Processes 
of Electro-Deposition. By G. Gore, LL.D., F.RS. With 56 Wood- 
cute. Fcp. 8vo. G«. 

JENKIN— Electricity and Ma^etism. Bv Fleemino Jenkin, F.R.S.S., 
L. & K, M.I.C.E. With 177 Illustrations. Fcp. 8vo. 3«. 6rf. 

LARDEN— Electricity for Public Schools and Collesres. By W. Larden, 
M.A. With 215 Illustrations and a Series of Examination Papers with 
Answers. Crown 8vo. 6«. 

POYSER— Works by A. W. Poyser, M.A., Grammar School, Wis])ech. 

Mag'netism and Electricity. With 235 Illustrations. Crown 



8vo. 2<. Q(L 



Advanced Electricity and Magnetism. With 317 Illustrations. 

Crown 8vo. As. Od. 

9LING0 and BROOKER— Electrical Engineering for Electric Light 

Artisans and Students. By W. Slingo and A. Broker. With 307 
Illustrations. Crown 8vo. 1(Vj. 6d. 

TTNDALL— Works by John Tyndall, D.C.L., F.K.S. See p. 12. 



TELEGRAPHY AND THE TELEPHONE. 

CULLEY— A Handbook of Practical Telegraphy. By R. S. Cullky, 
M.I.C.E., late Engineer-in-Chief of Telegraphs to the Post Office. 
With 135 Woodcuts and 17 Plates. 8vo. I6s. 

HOPKINS— Telephone Lines and their Properties. By William 
John Hopkin», Professor of Physics in the Urexel Institute of Art, 
Science and Industry, Philadelphia. Crown 8vo. 6s, 

PBEECE and SIVEWBIGHT— Telegraphy. By W. H. Preece, C.B., 
F.R.S., M.I.C.E., &c., Engineer-in-Chief and Electrician to the 
Poet Office ; and Sir J. Sivewriqht, K.C.M.G., General Manager, 
South African Telegnpha. With 265 Woodcuts. Fcp. 8va Bs, 
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WORKS BY JOHN TYNDALL, 

D.CXm IjIjJ^., F.R.S. 



Fragments of Science : a SerieR of Detached Essays, Addi'esses and Re- 
views. 2 vols. Crown Svo. IGs, 

VOL. I. :— The CoiiHtitntion of Nature—Radiation— On Radiant Heat in relation to the 
Colour and Chemical Conatitution of Botlles— New Chemical ReactionH produced by Light 
—On Dust and Diftvafle— Vuyaf^e to Algeria to olieerve the Kclipee — Niagara- The Parallel 
Roads of Gl-dn Roy— Alpine (Sculpture— Recent ExperinientA on Fog-Signals— On the Study 
of PhyslcH— On C^ryHtalline and iSlaty Clvavnge— On Paramagnetic and Diamagnetic Forces 
—Physical Banis of Solar ChemiHtry— Elementary Magnetism— On Force - Contributions to 
Molecular Physics— Life and Letters of Fakaday— The Copley Medalist of 1870— The 
Copley Medalist of 1871— Death by Lightning.— Science and the Spiritn. 

VOL, II. :— Reflections on Prayer and Natural Law— Miiaclesand Special Providence!*— 
On Prayer as a Form of Physical Energy— Vitality— Matter and Force — Scientific Materi- 
alism—An Addre!ii8 to Students— Scientitic Use of the In<agination— The Belfast Addren— 
Apology for the Belfast Address— The Rev. James Marti.nkau and the Belfast Address— 
Fermentation, and its Bearings on Surgery and Medicine— Spontaneous (Jeneratlon — 
S(tionce and Man— Profetwor Vircuow and Evolution— The Electric Light 

New FragnienlH. Crown Svo. 10<. 6c/. 

CON'TKNTS :— Tlie Sabbath— Cioethe's ' FarlKtnlohre'— Atoms, Molecules and Kther Waves 
— Count Ilumford— Louis Pasteur, his Life and Labours— The Rainlx)w and its Congeners — 
Address delivere<l at the Birkbeck Institution on ii2rn\ October, 1884- Thomas Yonng- Life 
in the Alps— AI>out Common Wat<-r— Personal Recollections of Thomas Carlyle — On Un- 
veiling the Statue of Thomas Carlyle- On the Origin, Propagation and Prevention of 
Phthisis— Old Alpine Jottings— A Mondng on Alp Lusgen. 



Lectures on Sound. With Fiontls- 

piooe of Foji-Syrt'ii, ami 203 other 
\Voo(l(;iit8 and Diagrams in the Text. 
Crown 8vo. 10«. 6rf. 

Heat, a Mode of Motion. With 

1'25 Woodcuts an«l Diagrams. Cr. 
Svo. 12s. 

Lectures on Light delivered in 

the United Staie.s in 1872 and D<73. 
Witli Portrait, Lithographic Plati- 
and f>9 Diagiams. Crown 8vo. (>s. 

Essays on the Floating Matter of 

ihc Air in relation to Putrelaetion 
and Infection. With 24 Woodcuts. 
Crown Svo. 7s. 6rf. 

Faraday as a Discoverer- Cro^n 

8vo. Sto. (kf. 



Researches on Diamagnetism and 

Magnecrx stallic Action ; including 
the Question ot Diamagnetic Polarity. 
Crown 8vo. 125. 

Notes of a Course of Nine Lectures 

Light, delivered ut the Royal 

" " 1869. 



on 

Institution of Great Britain, 

Crown Svo. Is. t>d. 



Notes of a Course of Seven Lec- 
tures on Elect rii-al Phenomena and 
Theories, di-livert-d at the Royal In- 
stitution of Great Britain, 1870. Cr. 
Svo. Is. Gd. 

Lessons in Electricity at the 

Royal Institution, 1875-1876. With 
58 Woodcuts and Diagittms. Crown 
Svo. 2s. 6cf. 
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LONGMANS' CIVIL ENGINEERING SERIES. 

£(litc(l l)v the Author of * Notes on BuiMin;' Construction*. 

Tidal Rivers: their Hydraulies, Improvement and Navigation. By W. 
H. Whekler, M.liist.O.E., Author of * The Dnunajjje of Fens* and 
Low Lan»l8 bv Gravitation and Steam Power'. With 75 Illustrations. 
Medium 8vo. Ids. net. [Ready, 

Soie^ on Docks and Dock Construction. By 0. Colkon, M.Inst.C.E., 
A"«si8tant l)iroct»»r of Works, Admiraltv. With 365 Illustration^*. 
Medium 8v»). 21s. net 

Railway Construction. By W. H. Mills, M.InsLC.E., Enj;ineer-in-Chief, 
Great Northern Railway, Ireland. [In preparatian. 

Calculations for Engrlnocringr Structures. By T. Claxton Fidlgr. 
M.ln>»t.C.E., Prc»tessor of Enj^'ineeiin«^ in the University of Dundee ; 
Author of * A Practical Treatise on Bridge Construction *. 

[/7i preparation. 

The Student's Course of Ciril En^neerin^. By L. F. Vernon - 
Harcourt, M.Inst.C.E., Professor of Civil Enp^ineeriny at University 
Collej^e. [In prt^>aration. 

ENGINEERING, STRENGTH OF MATERIALS, &c. 

ANDERSOX— The Strengrth of Materials and Structures : the Stien^^th 
of Materials as dej)endin;? on their Quality au<l as ascertaineil hy 
Testini; Apparatus. By Sir J. Anderson, C.E., LL.D., F.U.S.E. 
With 66 Woo<lcuUs. Fcp. 8vo. 3^. 6(/. 

BARRV— Railvray Appliances: a I)escrii)tion of Details of Railway 
Construction sul)se«iuent to the Completion of the Earthworks and 
Structures. By John Wolfe Barry, C.B., M.I.C.E. With 218 
W\)odcuts. Fcp. 8v»). 48. 6d. 

STONEY—The Theory of the Stresses on Girders and Similar Struc- 

tui-es. With Practical Observations on the Stren«itli and tithor Pro- 
l»erties t)f Materials. Bv Bindov B. Stonky, LL.!)., F.K.S., M.I.C.E. 
With 5 Plates and 143 Illustrations in the Te-\t. Ri>val 8vo. 3(i?. 

UNWIN— Works hy W. Cawthorne Unwix, B.Sc, Mem. Inst. Civil 
Eu»:ineers. 

The Testing: of Materials of Construction. Emhracinj^ the 

Descri]>tion of Testinj? Machinery and Apparatus Au.\iliary to Me- 
chanical Testinj;, and an Account of the most Important Rfsearches 
on the Strength of Materials. With 141 Woodcuts and 5 foldin«;-out 
Plates. Bvo. 21«. 

On the Development and Transmission of Power from Central 



Stations : heinpj the Howaitl lA»ctures «lelivered at the Society of 
Arts in 1893. With 81 Diagrams. 8vo. lOs. net. 

WARREN— Engineering Construction in Iron, Steel, and Timber. By 

William Henry Warren, Whitwtnlh Scholar ; Memher of the InRti- 
tutii>n of Civil Engineers, Lon(h)n ; Challis Profi-ssor of Civil and 
Mechanical Engineering, University of Sydney. With 13 Folding 
Plates and 375 Diagrams. Royal 8vo. 16ir. net. 
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WORKSHOP APPLIANCES, &c. 

JAY and KIDSON— ExerdMOs for Technical InHtrnction in Wood- 
working^. Designe*! and Drawn by H. Jay, Technical Instructor, 
Nottingham Sch(X)l Board. Arranged by E. R. Kidaon, F.G.S., 
Science Demonstrator, Nottingham School Bojiitl. 3 sets, price 1*. 
each in cloth case. Set I. Plates 1-32. Set II. Plates 33-64. Set III. 
Plates 65-87. 

NORTHCOTT— Latlics and Tnrningr, Simple, Mechanical and Orna- 
mental. By W. H. Northcott. With 338 IlluHtrations. 8vo. 18«. 

SHELIiEY — Workshop Appliances, including Descri])tions of some of 
the Gauging and Mojtsviring Instruments, Hand-cutting Tools, Lathes', 
Drilling, Planing and other Machine T«X)ls used by Engineers. By 
C. P. B. Shelley, M.I.C.E. With 323 Woodcuts. Fcp. 8vo. 6s. 

UNW IN— Exercises in Wood-Working: for Handici-aft Clasjfes in Ele- 
montarv and Technical Schools. Bv William Cawthornk Unwin. 
F.R.S.,'M.I.C.E. 28 Plates. Fcp. folio. 4i». 6^/. in case. 



MINERALOGY, METALLURGY, &c. 

BAUERMAN— Works by Hilary Bacerman, F.G.S. 

Systematic Mineralogry. With 373 Woodcuts and Diagrams. 



Fcp. 8vo. 6^. 

Descriptive Mineralogry. With 236 Woodcuts and Diagnuus. 



Fcp. 8v»). 6.«». 

BLOXAM and HUNTINGTON— Metals : their Properties and Ti-eatment. 
By C. L. Bloxam and A. K. Huntington, Professoi-s in King's 
Collej^e, Lomlon. With 130 Wooilcut-*. Fcp. 8vo. 5«. 

GORE— The Art of Eleetro-Metallnrgy, including all known Processes 
of Elect ro-Dei.osition. By G. Gore, LL.D., F.R.S. With 66 Wood- 
cuts. Fcp. 8vo. C)S. 

LUPTON — Miningr* An Elementary Treatise on the Getting of Minerals. 
By Arnold Lipton, M.I.C.E., F.G.S., etc., Mining Engineer, Pr«)fessor 
of (.-oal Mining at the Vict^)ria University, Yorkshire College, Leeds. 
With 596 lllustmtions. Crown 8vo. 9s. net. 

KITCHELL — A Manual of I*ractical Assaying* By John Mitchell, 
F.(.\S. Revised, with the Recent Discoveries incoii)orated. Bv W. 
Crookks, F.R.S. With 201 Illustrations. 8vo. 31«. 6d. 

RUTLEY— The Study of Rocks ; an Elementary Text-Book of Petrology. 
By F. Rutley, F.G.S. With 6 Plates and* 88 Woodcuts. Fcp. 8\o. 
4s. ed. 

TON COTTA—Roclcs Classified and Described : A Treatise on Litliolo^. 

By Bkrnhard Von Cotta. With English, German, and French 
Synonyms. Translated by Philip Henry Lawrence, F.G.S., F.R.G.S. 
Crown &yo. 14*. 
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MACHINE DRAWING AND DESIGN. 

LOW and BETIS--A Manual of Machine Drawing and De^dirn. Bv 

Dayiu Allan Low (Whitwortli Scholar), M.I. MocLu E., Heiulma.<tor 
of the Technical Sch<»ol, People's Palace, London; aiul Alkrkd 
William Bevis (Whitwortli Scholar), M.L Mech.E., Director of 
Manual Training to the Birniinghaiu School Board. With over 700 
Illustrations. 8vo. 7^. 6c?. 

LOW — Improved Drawing Scales. By David Allan* Low. 4d. in case. 

LOW— An Introduction to Machine Drawing and Design. By David 
Allan Low, Headmaster of the Technical Sc1um>1, People's Palace. 
London. With 97 Illustrations and Diagrams. d\»wn 8vo. iU, 

UNWIX— The Elements of Machine Design. By W. Cawthorni 
Unwin, F.R.S., Part I. (Jenoral Principles, Fastenings and Truis- 
missive Machinery. With 304 Diagrams, &c. C?rown 8vo. Iw. Part II. 
Chief! V on Engine Details. With 174 Wt»odcuts. Oivwu 8vo. A^.^mL 

ASTRONOMY, NAVIGATION, &c. 

BALL— Works by Sir Robert S. Bali^ LL.D., F.R.S. 

Elements of Astronomy. With 136 Figures ami Diagrams, and 

136 Wtiixlcuts. Fcp. 8vo. 6*. 

A Class-Book of Astronomy. With 41 Diagrams. Fcp. 8vo. U.Wd. 



BCEDDICKEK— The MUky Way. From the Xt)rth Pi>le to 10 of South 
Declination. Drawn at the Earl of Rosse's Ohservatory at Birr i^islle. 
By Otto Bosddickkr. With Deticriptive Letterpress.* 4 IMates, si/e 
18 in. by 23 in. in portfolio. 30^^. 

BBINKLEY— Astronomy. By F. Brinkley. furmvrly Astrininmer Royal 
for li-eland. Re-edited and Revised by .1. W. Stuhijs. D.D., amlF. 
Brunnow, Ph.D. With 49 Diagrams. " Crown 8vo. (««. 

CLERKE— The System of tlie Stars. By Xi\yvA M. CYkuke. With 6 
Plates and numerous Illustrations. 8v(>. 21jt. 

GIBSON— The imateur TelescopistN Handbook. Bv Frank M. 
Gibson, Ph.D., LL.B. With 1 Plate and 13 Diagrams. CV. 8vo. ^.\m\. 

HERSCHEL— Outlines of Astronomy. By Sir John F. W. llKusrHKL, 
Bart-., K.H.,&c. With 9 Plates and numerous Diagnims. ('n)wn 8vo. \t$, 

MARTIN— Navigation and Nautical Astron<»niy. C\)mpile<l by Staff- 
Commander W. R. Martin, R.N. Royal 8vo. 18«. 

MERRIFIELD— A Treatise on Navigation for the nsi^ of Students. By 
John Merrifield, LL.D., F.R.A.S., F.M.S. Cix»wn 8v«>. Tw. 

WEBB— Celestial Objects for Common Telescopes. By the Rev. T. W. 
Webd, M.A., F.R.A.S. Fifth Edition, Revised and greatlv Knlar^-d, 
by the Rev. T. E. Espin, M.A., F.R.A.S. (2 voIh.) Vol. I., with 
2 Plates and numerous Illustrations. Ci'own 8vo. 6». Vid. II., with 
Illustrations and Map of Star Spectra. Crown 8vo. 6s. Qd. 
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New Star Atlas for the Library, 

tlie School, and the Ol>serviitory, in 
Twelve Circular Maps (with 2 Index- 
Plates). With an Iiitro<luction on the 
Stuily of tlie Stars, Illustrated by 9 
Diagrums. Crown hvo. 5^. 



Old and New Astronomy. 4to. 36^. 
Myths and Marvels of Astronomy. 

Crown 8vo. 5». Silver Library 
Edition. Crown 8vo. 35 6<f. 

The Moon : Her Motiontt, Aspect, 
S cnery, and Physical Condition. Larger Star Atlas for Observers and 
With many Plates iind Charts, Wood | Students. In Twelve Circular Maps, 
Eugraviiigl and 2 Lunar Photographs. \ showine 6000 Stars. 1500 Double 
Crown 8vo. 5.?. Stars, Nebuhe, &c. With 2 Index- 

j Plates. Folio, 15». 

The Universe of Stars : Researclu- s I -« „ . • j.i. i « ^ 

into, and Ni-w Viiws i-e«ii<«cting, the ' The Stare mt^elr Seasons: an Easy 

Constitution ot the Hoavens. With ^uidt^ to a Knowledge of the Star 

Groups. In 12 Large Maiui. Im- 



22 Charts (4 coloureil) and 22 Dia- 
graniH. 8vo. 10.v. 6^. 



I>erial 8vo. 5«. 



Other Worlds than Onn: the 

Plurality of World-. Studietl und^^r 

the Liglit of Recent Si-ieiitifio Ke- 

aearches. With 14 Illustrations ; ^-_ j » . ti.- i? 

Map. Charts, &c. Crown 8vo. 6j?. ' Chance and LuC*: a Discussion of 



The Star Primer : showing the Starrv 

Sky, Week by Week. In 24 Hourly 
Maps. Crown 4 to. 2«. 6<i. 
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Cheap Edition. Crown 8yo. 35. 6ci. 



the I^aws of Luck, C-dncidonce, 
Wagers, Lotteries, and the Fallacies 



■H ^. ^< ^ 1 . . , ,, ' ^f Canibling, &»•. <'rown 8vo. 3*. 

Treatise on the Cycloid and all ; Loanls. ^^ u. cloth. 

roriiH ol Cycloidal Curves, and on ; 

the Use of Cycloidal Curves in dealing | Rough Ways made SmOOth. Fami- 
with the Moti<ins of Planets, Counts, i Har Es.Miys on Scicntiric Subjects. 
&c. With 101 Diagrams. Crown; Crown ^\o. 5.v. Cheap Rlitiun. 
8vo. lOv. 6rf. Crown 8vo. Zs. 6*/. 

The Orbs Aronnd TJs : Es.says on tht* \ Pleasant Ways in Science. Crown 

Moon and Planets, Meteors and :; 8vo. 5*. Cheap Eiiition. Crown 

Coniet'j, the Sun and CoUmred I'airs ■ 8vo. 3.^. Orf. 

of Suns. ( rown 8vo. .'i.^. Cheap _ . , ^^ 

F:<lition. Crown Svo. 'is. U. ' The Great Pyramid, Olraeryatory, 

Tniiib, and Temple. ^^lth lllus- 
T j I.J. a • i? T • Tx I t rations. Crown 8vi). 5.v. 

Light Science for Leisure Houre : 

Familiar Essays on Seimlilie Subjects, j jj^ture Studies. Bv R. A. PiioiTOK, 
Natural 1 i.enoni.na, .vc. 3 vols. Cr. ■ <^j,. ,j, ^ ^^llen, A. Wi won, T. Fostkb 
8vo. .>«. earh. ^ ^^^,1 j,. (2,un^\^. Cr. ^vo. hs. Cheap 

Edition. Cr. 8vo. 3s. 6rf. 

Our Place among Infinites : Essays 

c'ontrastin<{ our Little Ahoiie in Space ■ Leisure Readings. Hy R- A. Piiof^ 
and Time with the Infinites around; tou, E. Cmidh, A. Wii>on.T. FosTEU 
us. Crown 8vo. ;».s. and A. C. Ran v a no. Cr. Svo. 5*. 

The Expanse of Heaven : Essays on Lessons in Elementary Astro- 

the Wondei-s of 1 In- Firmament. ' Cr. nomy ; with Hints for ^ oung Tele- 
8vo. 55. Chi-ap Edition. Cr. 8vo. 1 seopists. With 47 Wooiients. Fcp. 
3.«. Gfi. Svo. \s. 6d. 
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ARNOLD— Steel Kanafactnre. By J. O. Arnold. [In preparation. 

LUPTON— Mlninsr: an Elementary Treatise on the Getting; of MlneraK 

By Arnold Ldpton, M.I.C.E., F.G.S., &c., Mining En«;ineer, Certifi- 
cated Colliery Manager, Surveyor, &c. Professor of Coal Minin>; at 
the Victoria University, Yorkshire College, Leeils, &c. With 6S>6 
Diagrams and Illustrations. Crown 8vo. 9s. net. 

MORRIS and WILKINSON— Cotton Spinning. By John Morris and 
F. W. Wilkinson. [In prf}iaratwu. 

SHARP— The Manufaeture of Bicycles and Tricycles. By Archiuai.d 
Sharp. [In prt'^Hirittion, 

TAYLOR— Cotton Weaving and Designing. By John T. T.wi.or. 
Lecturer on Cotton Weavinjjj and Designing in the Troston, Ashion- 
under-Lyne, Chorley, an<l Toflniordt-n Technical Si'hiH>l!», &o. With 
373 Diagrams. Crown 8vo. Is. 6d. net. 

WATTS— An Introductory Manual for Sugar Growers. By Kk.\n\'1s 
Watts, F.C.S., F.LC, Ahsoc Mason Coll., Birmingham, and (itixorn- 
ment Chemist, Antigua, West Indies. With 20 Illustrations. Crown 
8vo. 6s. 
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BIRD— Works by Charles Bird, B.A., F.CJ.S., !lcad-m{i>l\'r of tho 
Rochester Mathematical School. 



Elementary Geology. With Geological Map of tho British UKn 



and 247 lllusti-ations. Crown 8v«). 2<. 6(/. 



— — Geology: a Manual for Students in Atlvjinml CI.i^m". .\\\A I'.-r 
Gencml Readers. With over 3<)0 Illustrations, a lh'oloi;ual M.\^» ol 
the British Isles (coloured), and a sot i>f Qui'stions for Kvamiuation 
Cn)wn 8vo. Is. 6rf. 

GREEN— Physical Geology for Students and Geuenil Keadei^i, Wiih 
Illustrations. ByA. H.Gukkn, M.A., K.(J.S., Piol\'>s,»i oi i;oohy;\ u» 
the University of Oxford. 8vo. 21ii. 

LEWIS— Papers and Notes en the Glacial Geolog} of GitmI ItrlUin 

and Ii-eland. By the late Uknuv C.mivii.i. tiKwii. M A.. V.k\ S , Ti^* 
fessor of Minei-alogy in the A«'aili'my of Nntuial Siinu r., rhiladolidit'* 
and Professor of Geology in Havi-Hord Collrgr, I'.S A. Kdu»dV 
his unpublished MSS. With an IntriMluclion l»v IUnh\ \\\ i! 
KEY, LL.D., F.G.S. With 10 Maps and H*J IlIuMnilion* 
8vo. 21*. 
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Appendix on Ai!tront>aiic«l Instrunienta and Meaeiirenieiitx. Ctuwh 
8vo. !j, 6rf. 

With 6 Mupg and 180 IlliielntioiM. 



HEALTH AND HYGIENE. 

feRODRIBtl— Manual »f Health and Temperance, B; T. BsoDaiitB, 

M.A. Witli Exlnu^U fnimOniigh'B 'Teniporance Orations'. Itemed 
iind Erliled by the Hev. W. IIothvkn Pym, M.A. Crown flso, 1$. IM, 

pUCKTON—Uealth in the Hou§e ; Tweatv-6ve Lentures on Elt^iueiMAFjr 

Phyiiolo^'y in its Appliuatioa to the Daily Wonts of Mun and Aniuola. 
Bf Catb'ering M. BncKTON. With 41 Woodcuts and Uiognuiu. 
Crown 8vo. Ho. 

OBFIELD— The Laws of He«llh. By W, O. Cokfield. M.A-, M.lJ. 
Pup. 8vu. IJt. 6,1. 

►EAS ItLASO-Mirro-Onranlsms In Water, ihuirSigniliouno;, Idetiiiliea- 
lioD, »ind Removal. ToBelher with aa AiKoiinl of the Bjiittiulo^ical 
Methods inv-olved in their Investigation. Specially De^lL-ne^^ Pir 
those connected wiih the Sniuta^ Aspeota of watpr Siifplj. iij 
Profeseor Percy Fbanklasd, Ph.D., B.Sc (Uind.), F,R.S„ uiid Mok 
Pbkct Fra.nkland. 8vo. 16*. net. 

MOTTER—Hj^ene. By J. Lank Notter, M.A., M.D. (Dublin), Fellow 
und Member of Council of the Sunilaiy Institute of Gtvul Britain, 
Exaaiiner in Hygiene, Science and Art Department. E^amiuer in 
Public Health in the Univcrait.V of OBuibridg& and in ibi' Victoria 
Uuivetsity, Manchester, &c. ; and R. H. Firib, F.R.C.S., A^ixtont 
Exajniner in Hygiene, Science and Art Department, Aasistanl Profeawir 
ot Hygiene in the Army Medical School, Ketley, &c. With SS 
DlUfltrations. Crown 8?o. 3«. 6(/- 



fVILtiOK — A Hannal of Health -Seie nee : adapted for use in School* attd 
Colleges, and suited to the RequireuiEnte of Studentc preparintt furlh* 
Exauiiuatious in Hygiene of the tki«Dce and Art Dcttartu]>:ni, dtc 
By Andiiew Wii*oK, F.H.S.E., F.LS., fas. With 74 llluatnilioafc 
Crown 8vo. 3*. (M. 
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OPTICS AND PHOTOGRAPHY. 

ABNEY— A Treatise on Photography. By Captaiu W. de Wiveleslie 
Abney, F.R.S., Director for Science in the Science and Art Depart- 
ment. With 115 Woodcuts. Fcp. 8vo. 3«. 6rf. 

OLAZEBROOK -Physical Optics. By B. T. Glazebrook, ALA., F.B.S., 

Fellow and Lecturer (if Trin. Coll., DemonHtnitor of Physics at tlie 
Cavendish Laboratory, Canibri<l|:»e. With 183 W^)odcut8 of Apj^ratua, 
&c. Fcp. 8vo. 6«. 

WRIGHT— Optical Projection : a Treatise on the Use of the lantern 
in Exhibition and Scientific Demonstration. By Lewis Wright, 
Author of *Li^ht: a Course of Experimental Optics'. With 232 
Illustration.'^. Ci-own 8v<». 6«. 
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ASHBT— Notes on Physiolonry for the Use of Stndents preparing 

for Examination. By Hknry Ashby, M.D. With 141 Illustrations. 
Fcp. 8vo. 5a. 

BARNETT— The Making of the Body: a Children's Bdok on Anatiuny 
and PhY>>iulo^'v, f«»r S«;h(K)l and Honje Use. Bv Mi's. S. A. Baknktt, 
Author'«.f 'The Making of the Home'. With 113 11 lust rat ions. 
Cniwn 8v<). Ix. 9(/. 

BIDOOOD— A (\Mirse of Practical Elementary Biology. By .Iohn 
BiDGOOD, B.Sc, F.L.S. With 226 Illustrations. Cn>wn 8vt>. ' 4it. 6rf. 

BRAT — Physiology and the Laws of Health, in Eiisy Lessens for 
Schools. By Mi's. C'haulkb Biiay. Fcj). 8v«>. Is. 

FURNEAUX- Hnman Physiology. By W. Furneaux, F.R.G.S. With 
218 Illustrations. Cn)wn 8vo. 2«. Qd. 

HUDSON and OOSSE-The Rotifera, or < Wheel-Animalcnles *. By 

C. T. Hudson, LL.D., and W H. Gos.se. F.R.S. With 30 Colouml 
and 4 Uncohmred Plates. In 6 Parts. 4tu. 10«. iyK each ; Supple- 
ment, 12«. 6r/. Com])lete in 2 vols, with Sup])lement, 4to. JlA 4f. 

KACALISTER — Works by Alexander Macalister, M.D., Professor of 
Anatomy, LTniversily of Cambridj^e. 

Zoology and Moriihology of Vertebrata. 8vo. 10«. 6d. 

Zoology of the Invertebrate Animals. With 69 Diagrams. 

Fcp. 8vo. I5. 6rf. 

Zoology of the Vertebrate Animals. With 77 Diagrams. Fcp. 



8vo. U. 6d. 

MORGAN -> Animal Biology: an Elementary Text-Book. By C. Lloyd 
Morgan, Pi-ofessor of Animal Biology and Geology in University 
College, Bristol. With numerous Illustrations. Cr. 8vo. Sa. 6d. 

THORNTON- Human Physiology. By John Thornton, M.A. " 
267 IllustrationB, some of which are coloured. Crown 8vo. 
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METEOROLOGY, &c. 

ABBOTT— Elementary Theory of the Tides : the Fundamental Theorems 
Demonstrated without Mathematics, and the Influence on the Length 
of the Day Discussed. By T. K. Abbott, B.D., Fellow and Tutor, 
Trinity College, Dublin. Crown 8vo. 2«. 

JORDAN — The Ocean : a Treatise on Ocean Currents and Tides, and their 
Causes. By William Lkighton Jordan, F.RG.S. 8vo. 2I«. 

SCOTT— Weather Charts and Storm Waruingrs. By Robebt H. Scott, 
M.A., F.R.S., Secretary to the Meteorological Council. With 
numerous Illustrations. Crown 8vo. 6*. 



BOTANY. 

AITKEN— Elementary Text-Book of Botany. For the use of Schoi>]{». 
By Edith Aitken, late Scholar of Girton College. With over 400 
Diagrams. Crown Bvo. 4». 6f/. 

BENNETT and MURRAY— Handbook of Cryiitogramic Botany. By 

Alfrkd W. Bennett, M.A., B.Sc, F.L.S., Lecturer on Botany at St. 
Thonia.s's Hospit^il ; and George Murray, F.L.S., Senior Aisistant 
Department of Botany, British Museum. With 378 Illustrations. 
8vo. ICs. 

EDMONDS— Elementary Bot^iny. Tlieoretical and Practical. By Henry 
Edmonds, B.Sc, London. With 319 Diagrams and Woodcuts. Crown 
8vo. 2s. Orf. 

KITCHENER— A Year's Botany. Adapted to Home ami School Use. 
With lUustiations by the Author. By Frances Anna Kitchener. 
Crown 8vo. hi. 

LINDLEY and MOORE-The Treasury of Botany: or. Popular 

DiLlionary of tlie Vegetable Kiii^^dom : with which is incorpoi-ated 
a Glossary of Botanical Terms. Edited by J. LiNDLEY, M.D., F.H.S., 
ami T. MooRK, F.L.S. Willi 20 Steel Plates and numei-ouH Woo<l- 
cut*i. 2 Parts. Fcj). 8vo. 12j<. 

McNAB- (-lass-Book of Botany. By W. R. ^IcXab. 2 Paru«. Morpho- 
loj^y and Pliwsiology. With 42 Diagrams. Fcp. 8vo. U. 6(i. Classiti- 
cation of Plants. With 118 Diagrams. Fcp. 8vo. 1*. 6(/. 

THOME and BENNETT -Striietnral and Physiologrioal Botany. By 

Dr. Otto Wilhelm Thome antl \\\ Alfred W. Bennett, M.A., 
B.Sc, F.L.S. With Coloured Map%«id 600 Womlcuts. Fcp. 8vo. 

WATTS— A School Flora. For the use of Elementary Botanical Classes. 
By W. MAR.sHALri Watt.s, D.Sc, Lond. Cr. 8vo. 2*. 6<i. 



w. 



Scientific IVorks published by Longmans, Green, & Co, 21 



AGRICULTURE AND GARDENING. 

ADDYMAN — Agricultural Analysis. A Manual or Quantitative Analysis 
for Students of Ajjrieultuie. By Frank T. ADDYMAN^ B.Sc. (Lond.), 
F.I.C. With 49 Illustrations. Crown 8vt>. 5«. net. 

COLEMAN and ADDTMAN— Practiral Agrricnltnral Cliemistry. For 

Elementary Student^i, adapted tor use in Af(ricultural Cht^ses and 
Colleges. By J. Bernard Coleman, A.R.C.Sc., F.I.C, and Frank 
T. Addyman, B.Sc. (Lond.), F.I.C. Ci-owii 8vo. U. 6d. net. 

LLOTD— The Science of Agricalture. By F. J. Lloyd. 8vo. 12«. 

LOUDON— Works by J. C. Ix)udon, F.L.S. 



— Encyclopaedia of Gardening; the Theory and Practice of 
Horticulture, Floriculture, Arlxiricultun* and Landscape Gardening. 
With 1000 Woodcuts. Svo. 21«. 



— Encyclopsddia of Agricalture; the Layinp^-out^ luipi'ovement and 
Management of Liinded Proj>erty ; the Cultivation and Economy of 
the Productions rjf Agriculture. 'With 1100 Womlcuts. Svo. 2I». 



Encyclopaedia of Plants; the S|)ecific Character, Description, 

Culture, History, &c., of all Plants found in Great Britain. With 
12,000 Woodcuts. Svo. 42«. 

BIYERS~The Miniature Fruit Garden; or, The Culture of Pyramidal 
and Bush Fruit Trees. By Thomas T. F. Rivers. With 32'lllusti'a- 
tions. Crown Svo. 4«. 

VILLE— The Perplexed Farmer: How is he to meet Alien Comi>eiition? 
By George Ville. Tninslatetl from the French hy William 
Crookes, F.R.S., V.P.C.S., &c. Ci-own Svo. 5«. 

WEBB— Works by Henry J. Webb, Ph.D., B.kSc. (Lond.); laW Principal 
of the Agricultural College, A^jKitria. 



— Elementary Agriculture. A Text- Book s]>eciully adapted to the 
requirements of the Science und Art Department, the Juninr KKumina- 
titm of the Royal Agricultural Society and other Kli*mi*ntary Examina- 
tions. With 34 Illustnitions. C*rown 8vo. 2^. G*/. 



Advanced Agriculture. With 100 Illustrations and a sut of 



Questions for Examination. Crown Svo. 7ji. (W. net. 
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TEXT-BOOKS OF SCIENCE. 

{Adafied for the Use of Students in Public or Science Schools.) 



Photography. By Captain W. Dk Wivk- 
liESLiE Akney, C.B., F.R.S., 106 
Woodcuts. Fcp. 8vo. 3«. 6rf. 

Tho Strength of Material and Strncturee : 

the Strength of MatcrialH as depend- 
ing on their Quality and as ascertained 
by Testing Apparatus; the Strength 
of Structures, as depLiidiug on their 
form and arrangement, and on the 
materials of which they arc composed. 
Bv Sir J. Anpkrsion," C.E.. S:c. GO 
Woodcuts. Fcp. 8vo. 3«. i)d. 

Railway Appllancee — A I)et>cri])tion of 
Details of Railway Construction sub- 
seijuent to th<* completion of Earth- 
works and Structures, including a 
short Notice of Railway Rolling Stock, j 
By John Wolfe Barky, C.B.. M.I.C.K. 
218 Woodcuts. Fcp. Hvo. -U. Vul. 

Introduction to the Study of Inorganic : 

Chemistrv. Bv Willlvm Allen ! 



Practical Phyelee. By R . T. Ctu^zkbhook, 
M.A., F.R.S.. and W. N. Shaw, M.A. 
With 134 Woodcuts. Fcp.Svo. 7». tW. 

Preliminary Survey. By Thkodors 
(tuaham (tuibble, Civil fCngineer. In- 
cluding Elementar>- Astronomy, Route 
Surveying, Tacneometr>', Curve-rang- 
ing. Graphic Mensuration, Estimates, 
Ilydrogniphy. and Instruments. I'JO 
Illustrations. Fcp. 8vo. 6#. 

Algebra and Trigonometry. By Wxixiah 
Nathaniel (tuikfin. B.D.* 8s. iki. 
Notes on. with Solutions of the more 
difhcult Questions. Fcp. 8vo. S*. t>r/. 

The Steam Engine. By (teokue C. V. 
Holmes. Secretary of the Institution 
of Naval Architects. *212 Woodcuts. 
Fcp. Hvo. 6«. 

Electricity and Magnetism. By Flekm- 
iNo. Jk.nkin, F.lt.SS.. L. and *E. With 
177 Woodruts. Fcp. 8vo. lis. M. 



F.R.S. 



"i'^ I The Art of Electro-Metallurgy, including 
! all known Troceshes of Electro-Deposi- 
tion. By G. (JouE, LL.D.. F.R.S. 
With 5G Woodcuts. Fcp. 8vo. 6«. 

Telegraphy, liv W. H. Pueeck. C.B.. 
Laboratory; F.lJ.s., M.I.C.E., and Sir J. Sive- 

'2o5 Wood- 



MiLLEH, M.D.. LL.D 
Woodcuts, [h. {'hI. 
Quantitative Chemical Analysis. Bv T. 

E. TiioiU'E, F.R.S.. rh.l). With 88 
Woodcuts. Fc-j>. Hvo. '\s. Cuf. 

Qualitative Analysis and 

Practice. Bv T. K. Tnoui-i:, I'h.I)., 

F.U.S.. and M. M. Baitison Mriu, 

^^•f ;/■ ,1^- S.l-:. With Plate- c.f Spr<.t ra ' phy.ical Optics, liv R 

and 5/ Woodcut.s. rep. 8vo. 3«. h(t. ' »j .^ p R S Witl 
Introduction to the Study of Chemical ' i<\p. hvo. 

Philo';o])]iy. The PrincipK-s of The- ' Technical i 

oretical and Systematical Chemistry. 

By William A. Tildin.D.Sc, London. 

F.l{.S. With 5 Woodcuts. With t)r 

without Answers to Prohlenis. Fcp. 

Hvo. 4s. iui. 
Elements of Astronomy. By Sir R. S. 

Ball. LL.D.. F.R.S. With I'M] Wood- 
cut <. Fcp. Hvo. liv. .,,.,... 
Systematic Mineralogy. Bv nir.AUv ; Workshop Appliances, nicludmp Desrnp 

Bmeiiman, F.(r.S. With 373 Wood 



wuniHT. M.A., K.C.M.G. 
cuts. Fcp. Hvo. G«. 

I. T. Glazebuook, 
th 1S3 Woodcuts. 

('..V. 

Arithmetic and Mensuration. 

liy Chaklls W. MniRiFiELi), F.R.S. 
3«. (if/. Kly, hy the Rev. .ToHX 
J I IN ILK, M.A. Fcp. Hvo. 3«. GJ. 

The Study of Rocks, an IMenientary Text- 
liook of IVtrnlogv. Bv Fkank Ri:tlky, 
F.(i.S. Wirh <i Plates and 88 Wood- 
cuts. F»:]). Hvo. -is. ivJ. 



cuts. Fcp. Hvo. (w. 

Descriptive Mineralogy. Bv IIilauy 
ItArKKMAN, F.(t.S.. Ac. Witli '23t>' 
AV'oodcuts. PVj). Hvo. V}n. 

Metals, their Properties and Treatment. , 
By C. L. Blo.vam, and A. K. Hint- 
iN«rroN, Professors in King's College, ■ 
London. 130 Woodcuts. Fcp. Hvo. o«. 

Theory of Heat. Bv J. Clvkk Ma.vwkll. i 
M. A.. LL.D.. Kdin., F.R.SS.. L. and i 
K. New Edition, with Corrections 
and Additions hv Lord Rayleioh. 
With ;« Illustrations. Fcp. Hvo. is. Gd. 



tion> of *-onie of the Gauging and 
M»'asuring Instrunn-nts— Hand-Cut- 
ting To(»ls. Lathes, Drilling, Planing, 
and other Machine Tools used by 
Kngini'erri. Bv C. P. B. Shelley. 
M.I.C.K. With 3-23 Woodcuts. Fcp. 
Hvo. 5«. 

Elements of Machine Design. By W. 

Cawthokxe I'nwin, F.R.S., B.Sc. 

Part I. General Principles, Fasten- 
ings, »nd Trauhmissive Machinery. 
[m Woodcuts, (is. 

Part II. Chieiiy on Kugine Details. 
174 Woodcuts. Fcp. 9vo. 4a, 6rf. 
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TSXT-BOOKS OF QCXENCEr-Continueil. 

Stmetarml and Phyilologlcal Botany, liy ) Plane and Solid Geometry. By H. W. 
Dr. Otto WiLHELX ThomI?. and A. \V. Watson, M.A. Fop. 8vo. 3». 6rf. 
Bbmnett, M.A.. B.Sc. F.L.S. With 
«)00 Woodcuts. Fcp. 8vo, 6*. 

ELEMENTARY SCIENCE MANUALS. 

IVriiUn speciallij to rruxt the raiuirenifnU of the Elkmentary Stage of 
Science Subjects c/jj laid dovm in the Syllabus of the Directory of the 
Science and Art Department. 

Praetlcal Plane and Solid Geometry, iii- 
cludiiig Graphic Arithmetic. By I. 
H. MouHis. Fully Dlustrated. Cr. 
Hvo. 28. 0(1. 

Geometrical Drawing for Art Students. 

EnibraciDg Plane Geometry and its 
Applications, tho Use of ScaloK. and 
the Plans and Klevatious of Solids, as 
required in St^jtion I. of Science Sub- 
ject I. By I. H. MouRis. Crown 8vo. 
1«. 6(;. 

Beinp[ the First Part of Morris's 
Practical Plane and Solid Geometry. 

Text-Book on Practical, Solid, or Dei- 

oriptivo Geometr\'. By D.vvid Ali.ex 
Low. Part I. Crown Hvo. 2». Pai-t 
II. Crown 8vo. lis. 

An Introduetion to Machine Drawing and 
Dosic^. By Davh) Ai.lkn liow. With 
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